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Synopsis 
During hydrometallurgical processing to produce Ni(s) a Reduction End Solution (RES) 
(Ni(NH3) 2S 04) is generated containing significant concentrations of aqueous nickel 
(1.20g/L) and cobalt (O.2Sg/L). The recovery of these heavy metals has the dual 
advantage of offering significant financial benefit while removing contaminating species 
from the mother liquor prior to recycling of (~)2S04. 
Sulphide as a precipitating agent is effective as it facilitates the removal of heavy metals 
to very low residual concentrations (ppm - ppb levels) over a wide pH range, owing to 
the low solubilities (Ksp) of metal sulphides. However, previous work on metal sulphide 
precipitation has highlighted a number of challenges. The low solubilities of metal 
sulphides in combination with the rapid kinetics of sulphide precipitation leads to rapid, 
uncontrolled metal sulphide precipitate formation. The extremely high supersaturations 
result in high rates of nucleation, leading to the formation of particles with undesirable 
characteristics. 
In this thesis, to gain insight on the metal sulphide precipitation of nickel and cobalt 
from the RES, a simplified model system, consisting of a synthetic NiS04 solution with a 
concentration of 200ppm Ni2+, was utilised to determine the effect of H2S(g) as a 
precipitating agent. Results were evaluated on the basis of efficiency of nickel removal 
and the properties of the NiS precipitates formed. 
The first task was to identify the sulphide species responsible for precipitation of nickel 
from solution. This was achieved by adjusting the initial pH of the sulphide reagent. The 
results suggest that H2S(aq) is not able to effect NiS precipitation. 
Owing to extremely high supersaturations, methods of reducing the supersaturation were 
investigated. The use of H2S (g) to slow generation of supersaturation was chosen. The 
mass transfer delay for diffusion of sulphide into solution and the subsequent speciation 
limited the rate of the precipitation reaction. However, during precipitation the solution 
pH dropped to acidic values (ie below 6.99) owing to the release of protons from the 
speciation of sulphide and the subsequent precipitation reaction. Hence, the precipitation 
of nickel no longer occurred since the majority of sulphide species present in solution 
were H2S(aq). 
Controlled release of HS- ions was facilitated, in the semi-batch gaseous experiments, by 
the addition of alkalinity. Alkalinity, in the form of NaOH, was supplied in low 
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concentrations initially and it was found that nickel removal occurred at a linear rate, 
reaching completion within 30-40 minutes. During the continuous nickel removal the 
aqueous sulphide concentration increased to an equilibrium value and after an initial 
decrease the pH remained constant between 3 and 4. Thus, the sulphide in solution was 
present as the H2S(ag) species and therefore unable to react with nickel. 
Resolubilisation of nickel sulphide precipitates was observed, and it was hypothesised 
that this was due to the formation of aqueous polysulphide complexes. The redissolution 
effect was tested in batch experiments, varying the molar ratio of Ni:S and significant 
resolubilsation was observed in the presence of excess HS- ions. 
When NaOH was added at a low concentration the efficiency of sulphide utilisation was 
low. Aqueous sulphide accumulation was observed within the reactor and the majority of 
added sulphide passed through the reactor without dissolving. The undissolved sulphide 
was quantified in a post reactor sulphide trap. 
A higher NaOH concentration was supplied to the bubble column so that a greater 
concentration of H2S(ag) in solution dissociated to form HS-. The result was reduced 
reaction times from 30 to 2.5 minutes, without significant wastage of sulphide reagent. It 
was attempted to model these experiments using OLI Lab Systems Analyzer. OLI 
predicted greater Ni2+ removal and a greater pH decrease than experimentally observed. 
For each time interval modelled, OLI predicted the thermodynamic equilibrium, utilising 
the total free sulphide available. The lower the pH the longer the system took to reach 
thermodynamic equilibrium and the time scales involved became unrealistic with respect 
to reactor operation. As a result, the model over-predicted process efficiency. Therefore, 
thermodynamic based modelling of the system was not appropriate. 
The rate of sulphide dissolution was theoretically modelled using Higbie's Penetration 
Theory. The model was experimentally validated by comparing modelled and 
experimental aqueous sulphide concentrations and was found to hold for the duration of 
the experiment. Supersaturation predictions were based on the rate of diffusion as 
calculated from Higbie's theory and subsequent speciation. It was found that 
supersaturations decreased when a gaseous sulphide source was employed as opposed to 
slug-dosing with aqueous sulphide. Typical supersaturation values for the gaseous system 
were in the region of 106 compared to 1014 for the batch system 
Particle size distribution (PSD) measurement was attempted ill order to carry out 
population balance modelling of the precipitation reaction. However, due to the 
flocculation and settling of precipitate particles in the measuring apparatus, robust PSD 
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measurement was not possible. It was therefore not possible to experimentally determine 
the controlling particle rate processes; however, empirical data suggests the system is 
dominated by nucleation and aggregation. 
Experiments performed using diluted Reduction end solution (RES) showed that while 
the complex solution matrix provided significant buffering capacity, the reaction 
mechanism was similar to that determined for the synthetic nickel sulphate system. 
Alkalinity input was necessary to facilitate complete precipitation, because the buffering 
capacity of the diluted RES was insufficient to neutralise all the protons generated during 
complete precipitation of the nickel and cobalt. 
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Chapter 1: INTRODUCTION - 1 -
--~---------------------------------------------------------------
1. Introduction 
One of the principle causes of water pollution is the industrial discharge of wastes and 
by-products. The pollution of surface and ground water by heavy metal species 
represents a significant environmental threat. The mining and mineral processing 
industries are seen as heavily polluting as they generate high volume wastewaters, often 
with significant concentrations of heavy metals. Acid Mine Drainage (A11D) is formed 
as a consequence of mining and contains large amounts of heavy metals. Exposure of 
mineral sulphides to water and oxygen through mining activities leads to the generation 
of A11D. The removal of such metals from waste streams is an environmental priority 
enforced by government legislation, while the recovery of valuable metals from waste 
streams could have economic benefits. 
Several treatment techniques have been used to remove heavy metals from wastewater. 
These include ion-exchange, evaporation, reverse osmosis, carbon adsorption, 
complexation and chemical precipitation, which is the most commonly used method 
(McNallyet aI, 1984). Precipitation is the formation from solution of a solid product as a 
result of addition of a precipitating agent to the solution Gackson, 1986). A controlled 
preCIpItation process allows for efficient removal of harmful heavy metals on an 
industrial scale. 
Precipitation has long been used as both a means of recovery and for the separation of 
metals from solution. It is the favoured method used as a scavenging process in the 
recovery of heavy metals present in solution in low concentrations prior to such 
solutions going to waste Gackson, 1986). For example, both hydroxide and carbonate 
precipitation are used for effective treatment of A11D (Pulles et al., 1996). 
Precipitation may also be used to separate a metal or a group of metals from others, 
either for the removal of impurities or minor metallic constituents, or for recovery from 
solution of the major metal Gackson, 1986). The Sherritt-Gordon ammonia leach process 
for the treatment of nickel rich concentrates uses sulphide precipitation early in the 
process in order to remove copper from the leach solution. Later in the process cobalt 
and the remaining nickel are stripped from solution as sulphides using precipitation. 
An important practical aspect of precipitation is the subsequent separation of the solid 
precipitate from solution. This is usually achieved through thickening andlor filtration 
Gackson, 1986; Coulson and Richardson, 2002). Separation is most effective if the 
precipitate is dense, crystalline and above a certain size. Precipitates that are too small are 
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difficult to separate from solution on an industrial scale. A particle size of at least 10jLm 
is necessary for retention bya "fine filter" Gackson, 1986). 
Supersaturation is the thermodynamic driving force for the precipitation process and is 
one of the key variables in determining the size of particles. The supersaturation is the 
difference in the theoretical solubility of the precipitating substance and the activities of 
its ions in solution. Because of the low solubilities and resulting high supersaturations 
generated in precipitating systems, control of the process is difficult. Sparingly soluble 
compounds such as nickel sulphide have extremely low solubilities, where 
Ksp =3.98xlO-20 • 
In order to control product characteristics ill preClpitatIOn processes, solution 
supersaturation and the nucleation rate must be controlled. Therefore a sound 
mechanistic background is necessary in order to understand and implement control in 
the precipitating system. 
1.1. Metal sulphide precipitation 
Metal recovery and reuse, attractive for economic and environmental reasons, can be 
achieved by means of precipitation with sulphide. This is convenient as many metal-
refining operations are equipped to deal with sulphides as they are designed for 
processing sulphide ores (Esposito et aI., 2006). The high reactivity of the sulphide ion 
reduces the retention time required in the reaction tank (Bhattacharyya et aI., 1981). 
Metals recovered as sulphides can be processed in existing smelters for pure metal 
recovery, leading to financial benefits (Bhattacharyya et aI., 1981 in Hammack et aI., 
1993). 
The formation of Ni(s) in the hydrogen reduction autoclave of the modified Sherritt-
Gordon Leach Process used at Impala Platinum Refineries produces an aqueous 
Reduction End Solution (RES) containing significant amounts of Ni (1.0-1.Sg/l) and Co 
(0.2-0.3g/I). The removal of Ni and Co from this stream is desirable since they are 
impurities that contaminate the (~)2S04' which is subsequently recovered for reuse in 
the process. For process efficiency and economic gain nickel and cobalt must be 
removed to low concentrations from the RES (Lewis and Butler, 2001). 
Sulphide precipitation to remove Ni and Co from the RES is attractive owing to the low 
solubilities of metal sulphides over a broad pH range and the rapid precipitation kinetics 
(Bhattacharyya et aI., 1981). However, the combination of these factors may be 
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disadvantageous to the sulphide precipitation process as they lead to rapid generation of 
extremely high supersaturation, resulting in difficulty in the control of the precipitation 
process and the formation of fine particles. 
The use of a gaseous sulphide source to decrease the rate of generation of 
supersaturation has been proposed (Hammack et al., 1993, 1994). The mass transfer of 
sulphide from gaseous to aqueous phase reduces the rate at which aqueous sulphide is 
made available for reaction and therefore the supersaturation is reduced. 
pH dependent speciation has been exploited to control the precipitation rate, since at 
acidic pH values spontaneous nickel sulphide precipitation does not occur (Kolthoff and 
Moltzau, 1935; Simons, 1963). At acidic pH values the sulphide species present is 
predominantly H2S(aq), as shown in the pH dependent speciation equations of H2S(aq) 
below 
H2S(aq) :;=!: HS- + H+ pK) = 6.99 Gackson, 1986) (1-1) 
HS- :;=!: S2- + H+ pK2 = 17.4 (Midgisov et al., 2001) (1-2) 
This suggests that the H2S(aq) species is not able to react with N?+ to form nickel 
sulphide. In a continuous or semi-batch system, by controlling the pH, the bisulphide ion 
availability can be exploited to dictate the rate of the sulphide precipitation reaction. 
The second inference of equations 1-1 and 1-2 is that S2- does not occur at significant 
concentrations within the limits of the real pH scale and thus does not contribute 
significantly to the precipitation of nickel sulphide. Kolthoff and Moltzau (1935), support 
this by stating that the bisulphide ion (HS-) is responsible for the precipitation of metal 
sulphides through the formation of intermediary hydrosulphides of the metal. 
1.2. Objectives 
The first objective of this research was to confirm experimentally that the H2S(aq) 
species is not able to precipitate nickel. These tests were carried out in a batch reactor 
using an aqueous sulphide source. 
The second objective was to investigate the effect on nickel precipitation of manipulating 
supersaturation by controlling HS- availability. This was achieved by manipulating gas 
flowrates and alkaline addition. Supersaturation control, such that metal removal was 
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complete and rapid with efficient utilisation of sulphide was desired. In addition, the 
nature of the precipitate should facilitate easy solid/liquid separation. 
Finally, once the reaction mechanisms were characterised using the model, synthetic 
nickel sulphide system, the removal of Ni and Co from RES was investigated. 
1.3. Thesis overview 
The main experimental work presented in this thesis focuses on precipitation of NiS 
from a synthetic aqueous stream in both batch and semi-batch systems, using aqueous 
and gaseous sulphide sources, respectively. 
Supersaturation and particle rate processes such as nucleation, aggregation and growth 
are discussed in detail in Chapter 2. These are important aspects to consider in attempts 
to control the formation of particles large enough to facilitate the separation of solid 
preCipitates from the aqueous phase post-precIpItation. The generation of 
supersaturation results from the availability of the correct sulphide species in solution. 
Sulphide speciation and associated aspects of sulphide precipitation are discussed in 
Chapter 3. Chapter 4 discusses methods used to control the generation of 
supersaturation in precipitating systems. Chapter 5 expands on the use of a gaseous 
sulphide source to control the precipitation reaction as the diffusion of gaseous sulphide 
into solution from a gaseous bubble is rate limiting. The materials and experimental 
methodology are described in Chapter 6. Chapter 7 discusses results from the aqueous 
batch system and the gaseous semi-batch system and Chapter 8 draws conclusions of this 
work and recommendations for further work on metal sulphide precipitation. 
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2. Precipitation theory 
This chapter describes important aspects of precipitation theory, showing the differences 
between crystallisation and precipitation processes. The concept of supersaturation as the 
driving force behind precipitation reactions is defined. The effect of supersaturation on 
predominant mechanisms involved in particle formation is discussed from colloid 
formation at high supersaturations and primary and secondary nucleation at lower 
supersaturation values. Primary nucleation and birth of nuclei is discussed after which 
induced nucleation including possible sources for secondary nuclei in the precipitating 
system is presented. The most relevant post-nucleation particle enlarging mechanisms are 
then described. 
Oystallisation is used in industry as one of the cheapest and most effective methods for 
production, purification and recovery of pure solids from impure solutions (Mullin, 
2001). In addition, crystallisation produces an end product, the crystals, with many 
favourable characteristics such as good flow and handling properties. Oystallisation 
occurs when the concentration of a solute is raised above its solubility limit (Mullin, 
1972). Thus, crystals are obtained from solution through (a) cooling, (b) increasing the 
concentration of the solute through solvent evaporation, (c) a combination of (a) and (b) 
when solvent evaporation is used for both cooling and evaporation, and (d) by salting or 
drowning-out with the use of a co-solvent. Oystallisation is usually a slow process 
leading to the formation of uniform, well-ordered, highly crystalline solids. 
Precipitation is the crystallisation of sparingly soluble substances (Sohnel and Garside, 
1992). Precipitation is known as reactive crystallisation because the thermodynamic 
driving force for crystal formation, which is supersaturation (S), does not result from 
action on physical properties of the solution. The supersaturation is generated from the 
reaction of two soluble components leading to the formation of a sparingly soluble 
precipitate. Precipitation is a rapid process due to the high supersaturations generated by 
the low solubilities of the precipitated products. Precipitation processes can produce 
amorphous and compound phases as well as various polymorphs, hydrates or other 
solvates. Usually only one specific form is acceptable to ensure formation of the desired 
product (Sohnel and Garside, 1992). 
It is well established that high supersaturations induce high nucleation rates a ackson, 
1986) and a large number of precipitate particles are formed, thus limiting the average 
size to which precipitates grow. If precipitates are sufficiently small, secondary processes 
such as agglomeration may occur resulting in a significant increase in particle size (Sohnel 
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and Garside, 1992). Thus, a fundamental approach 15 necessary to understand the 
mechanisms of the precipitation process. 
The removal of nickel from solution using sulphide as the precIpItating agent is an 
efficient precipitation system due to the sparingly soluble nature of NiS. As a result, 
sulphide precipitation is the chosen means of scavenging Ni and Co present in the RES 
prior to the ammonium sulphate solution being recycled for reuse in the Sherrit-Gordon 
Leach process Gackson, 1986). The solubilities of both NiS and CoS are sufficiently low 
ensuring essentially complete removal of these heavy metals. 
2.1 Supersaturation 
Supersaturation is the key variable in any precipitation process and it governs nucleation, 
growth and aggregation (Sahnel and Garside, 1992) and thus the particle size of 
precipitates Gackson, 1986). A saturated solution having a concentration of c:- is in 
thermodynamic equilibrium with the solid phase. A supersaturated solution has a 
concentration greater than the thermodynamic supersaturation concentration (C~). 
Crystallisation processes can only take place in supersaturated phases. 
Supersaturation can be simply defined as the difference in concentration between the 
actual (q and equilibrium (C:-) concentrations or as a relative supersaturation: 
S=~ 
C* 
(2-1) 
This definition of supersaturation assumes an ideal solution with an activity coefficient 
equivalent to 1 (Myerson, 2002). In an ideal solution where components do not influence 
each other the activities of the components are equal to their concentrations (Sahnel and 
Garside, 1992). However, in a real solution, the activities and concentrations of the 
components are not equal to due to interactions between the aqueous components. 
Thus, in real solutions, activities are expressed as a product of the concentration and the 
activity coefficient, which is a term representing the deviation from ideality. A more 
general definition of the supersaturation, in which the activity coefficients are not taken 
as unity, is derived below. 
Supersaturation is alternatively defined as the difference in the chemical potential of the 
crystallizing compound in a supersaturated solution (state 1) and the crystal (state 2), 
which is the free energy change in the precipitating system (Sahnel and Garside, 1992) 
U
ive
rsi
ty 
of 
Ca
pe
 To
wn
Chapter 2: PREOPITATIONTI-IEORY -7-
(2-2) 
In a spontaneously crystallising system the change in Gibbs' free energy is negative. The 
driving force for crystallisation is typically presented as a positive value thus the reaction 
affinity, ¢ , is defined as (Sohnel and Garside, 1992) 
¢ = -.dJi (2-3) 
The chemical potential of a solution is defined as 
11. = II~ +RT ina rl rz I (2-4) 
Where aj is the activity of species I, R is the universal gas constant and T is the 
temperature of the solution in Kelvin. The activity of species i in solution can be 
expressed as the product of the concentration of species i in solution, ~, and the activity 
coefficient Yi' 
a· = r·c. I I I (2-5) 
Combining the above equations produces (Sohnel and Garside, 1992) 
(2-6) 
where ~ is the number of moles of positive and negative ions in 1 mole of solute. 
The supersaturation of a solution is defined as the difference in activities between states 
1 and 2, as defined above 
s =~= ai.1 = YuCu 
a i.eq au YU Ci,2 
(2-7) 
Mullin (2001) defines the supersaturation of a sparingly soluble electrolyte as the ratio of 
the ion activity product and the solubility product. The ion activity product is the activity 
of the electrolyte at state 1 and the solubility product is the product of activities at 
equilibrium (state 2). 
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S =IAPIKsp (2-8) 
The definition of supersaturatIon according to Mullin (2001) was applied to the 
precipitation of NiS to quantify supersaturation in both the batch and gaseous systems. 
Thus the supersaturation expression was described as 
S = r Ni'+ [Ni2+]r HS- [HS-] 
KSP,NiS 
Combining equations 2-6 and 2-7, 
L=vlnS 
RT 
(2-9) 
(2-10) 
which incorporated the supersaturation term as the driving force behind precipitation 
processes. 
The degree of supersaturatIon determines the rate and the mechanism by which 
crystallisation occurs. Supersaturated solutions are metastable i.e. not at equilibrium 
(Myerson, 2002). Two types of phase transition have been postulated to relieve 
supersaturation. The first type consists of large fluctuations in concentration, 
infinitesimal in spatial extent and the second infinitesimal in degree and large in extent. 
The classic nucleation theory is based on the former postulate and also requires that a 
sharp interface exists between the nucleating (stable) and supersaturated (unstable) 
phases. Spinodal decomposition is based on the latter postulate and differs in that a 
diffuse interface may exist between the stable and unstable phases (Mullin, 2001). For a 
supersaturated solution within the metastable region, which is below the metastable limit 
and above the solubility limit, the phase separation mechanisms are nucleation and 
crystal growth. Within the metastable zone nucleation is necessary to effect phase change 
(Mullin, 2001). The metastable limit or spinodal curve is the highest supersaturation 
concentration after which phase separation occurs by spinodal decomposition (Myerson, 
2002). Above the metastable limit within the spinodal region any phase separation can 
lower the free energy of the system and no nucleation step is required (Mullin, 2001). 
Crystallisation of precipitates is the result of nucleation and growth and then secondary 
processes such as aggregation and breakage (Sohnel and Garside, 1992). 
Figure 1 shows the position of various crystallisation regions within the metastable limit. 
Zone 1 is outside the metastable limit and is thus undersaturated. The boundary of Zone 
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1 is the solubility of the AB compound. For sparingly soluble substances, this boundary 
lies very close to the axes. 
At very high supersaturations colloid and gel formation occur (Zones 5 and 6). Colloids 
and gels have very poor dewatering capabilities and are therefore difficult to handle in 
downstream phase separation and can be considered as undesirable products. Zone 4 is 
the region of homogeneous nucleation which produces small precipitates that have poor 
settling properties. Zones 2 and 3 are the preferred regions of operation. These are the 
areas of lowest supersaturation and thus the regions in which control of the precipitation 
process is possible. In both zones precipitation is facilitated by the presence of catalysing 
particles. Zone 2 is the region of secondary nucleation where nucleation is catalysed by 
the presence of nuclei formed by homogeneous nucleation and Zone 3 is the area of 
heterogeneous nucleation in which foreign particles facilitate precipitation. 
Species B 
Concentration 
2 
Solubility curve 
3 
Species A Concentration 
1: Undersaturated 
2: Secondary nucleation 
3: Heterogeneous nucleation 
4: Homogeneous nucleation 
5: Colloid formation 
6: Gel formation 
Figure 1: Various regions of supersaturation and predominant particle formation 
mechanisms (GoSele and Kind, 1991) 
In this study control of the precipitation reaction, such that primarily particle enlarging 
processes such as growth and aggregation occur after controlled nucleation, is attempted. 
It is not certain which post-nucleation particle enlarging process will predominate and 
thus both are discussed in detail below. Further evidence such as PSD data will provide 
evidence as to which mechanism is most significant. The "slug" dose manner of reagent 
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addition in the batch system generates very high supersaturations and thus nucleation is 
the dominant particle formation process. In the semi-batch gaseous system the 
generation of supersaturation is controlled, thereby limiting nucleation and encouraging 
subsequent gro"Wth and/ or aggregation of precipitates. 
2.2 Nucleation 
In order to relieve supersaturation and move towards equilibrium, a supersaturated 
solution will crystallise and nuclei are formed (Myerson, 2002). Nucleation is the initial 
formation of the smallest thermodynamically stable solid phase from a supersaturated 
solution Gones, 2002). 
There are various mechanisms for the formation or birth of nuclei (nucleation) as shown 
below 
/ Primary ~ 
Nucleation 
~Secondary c,--. 
Homogeneous 
Heterogeneous 
Initial breedine 
Polycrystalline breeding 
Macroabrasion 
Dendritic 
Fluid shear 
Contact 
Figure 2: Different mechanisms of nucleation (Sohnel and Garside, 1992) 
2.2.1 Homogeneous nucleation 
Homogeneous nucleation is the formation of a solid phase not initiated by the presence 
of any solid phase (Sohnel and Garside, 1992). It is spontaneous nucleation from a clear 
solution Gones, 2002). 
The classical theory of nucleation (Nielsen, 1964) assumes that clusters are formed by a 
sequence of bimolecular additions until the critical size is reached. 
~-1 + A ~ ~ (critical cluster) 
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Further molecular additions to the critical cluster would result in nucleation and 
subsequent growth of the nucleus. The construction of clusters, which occurs very 
rapidly, can only occur and continue in regions of very high supersaturation and many of 
the embryos or 'sub-nuclei' fail to reach maturity. These redissolve because they are too 
unstable. If, however, the nucleus grows to a certain size, as explained below, it becomes 
stable under the average conditions of supersaturation present in the bulk of the fluid 
(Mullin, 2001). 
The rate of nucleus formation, Bo' by this mechanism is given below 
(2-11) 
Where the pre-exponential factor A has a theoretical value of 1030 nuclei! cm\, I1Gcr is 
the critical free energy for nucleation, k is Boltzman's constant and T is temperature 
(Myerson, 2002). 
The classical theory of nucleation is based on the condensation of a vapour to a liquid, 
and this treatment may be extended to the crystallisation from solutions (Mullin, 2001). 
The free energy change (I1G) for the formation of this new phase through 
homogeneous nucleation is the combination of the free energy change for the formation 
of the nucleus surface (a positive value), I1Gs ' and the free energy change for the phase 
transformation (a negative value), I1Gv (Myerson, 2002). 
(2-12) 
a is the surface or interfacial tension, f3 and a are the shape and volume factors 
respectively, based on the characteristic length, L. Various shape and volume factors for 
different shaped particles can be found in numerous texts. For spherical nuclei f3 = Jr 
and a = Jr /6 and the characteristic length L on which these are based is the diameter, 
d. Thus, equation 2-12 becomes: 
(2-13) 
The free energy changes as a result of surface formation (I1G
s
), which is the excess free 
energy between the surface of the particle and the bulk of the particle, and phase 
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tran,formation (i'lG, ) md their re.mlting o\'Crall ffl)c eocrgy changc (Mi) aIT' shown in 
Pigure J below. 
, .. 
j 
" ~
~ 
" ,
• 
• c 
- .. 
0 
Figure J: Frec cn"rg)' di~gralll for nuck,tion expl ~ining the eXL,tence of a 'critical 
nud~m', ffl)c COC'1;Y vs clmter size (Mullin, 1972) 
In ~ sUjX'l'SJturJtcd solution th" free cncrgy rcqwred to iorm ~ new phase (.\G,) ,,~ 
n"gatiw quantity as the S}";lem i., not in equilibrium and wi,he, to attain am:)", .'table 
SUt" by undcrgoing nucleation 'Ihe iree energy reqwred to form a surfacc (Mi,l 
lIllrca5~S with inu<'asing nud~us si:Le. 1bc ovcmll cxc~ss frec cm''1;Y resulting from J. 
combinJtion of thesc two em'ttl"S IS the criticJI cn"rg)' furrier C\G~) that must be 
overcome in order to form a critical cinster of r.lJins (r,). 
Th~ critical cltlStcr size (~) can be fou~d by minimising the [fI)C cOC'1;Y function "~lh 
fl)spcct to the r,dius, 
(2- 14) 
'Ihm the critical cinster radius i, 
20 (2-15) 
Mi, 
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and the critical free energy change is 
(2-16) 
The newly formed crystalline lattice structure in a supersaturated solution may either 
redissolve or grow, depending on its size, but the process it undergoes should always 
result in the decrease of free energy of the particle. The critical radius size, rc ' represents 
the minimum size of a stable particle. 
The Gibbs-Thompson equation governs the growth of clusters 
In(~) = In S = 2av 
c* kTr 
(2-17) 
where c is the concentration of clusters of size r. Thus smaller clusters dissolve and larger 
clusters grow until they reach the critical size rc and a new phase is formed. Substituting 
rc from equation 15 into equation 14 
(2-18) 
The nucleation rate, equation 2-11, becomes 
(2-19) 
From equation 2-19 it can be seen that the nucleation rate increases with increasing 
supersaturation and temperature, and decreases with an increase in interfacial tension, or 
surface energy, because there is more tendency for nuclei to not form or to dissolve if 
the surface energy is large. 
Homogeneous nucleation forms the basis of several nucleation theories but rarely occurs 
in practice due to the presence of dissolved impurities and physical features such as 
reactor walls, stirrers and baffles. 
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2.2.2 Hererogeneous Nucleation 
Heterogeneous nucleation is the formation of a new solid phase catalysed by the 
presence of a foreign solid (Sohnel and Garside, 1992; Jones, 2002). 
Heterogeneous nucleation occurs at a lower supersaturation than homogeneous 
nucleation because the free energy barrier is lowered by the presence of a foreign 
substance, which reduces the energy required for nucleation. The decrease in free energy 
results from the wetting or contact angle, .9, of the solid phase. The wetting angle is the 
contact angle between the foreign catalyzing solid and the precipitate nucleus formed on 
its surface, as illustrated below (Figure 4). The wetting angle serves to reduce the free 
energy required for nucleation. 
Bulk fluid 
~ Precipitate 
Catalyzing surface 
Figure 4: Heterogeneous nucleation; precipitate deposit on a catalyzing foreign surface 
illustrating the wetting angle 
If the wetting angle, .9 = 180°, then the overall energy of nucleation is the same as that 
required for homogenous or spontaneous nucleation. When there is partial affinity 
between the solid surface and the precipitate (0 <.9 < 180°), nucleation is easier to 
achieve because the overall excess free energy required is less than that for homogeneous 
nucleation. When there is complete wetting (.9 = 0°) the free energy of nucleation is 
zero. This case corresponds to the seeding of a supersaturation solution with crystals of 
the required crystalline product, so no nuclei have to be formed in the solution (Mullin, 
2001). 
Thus, 
(2-20) 
Where the factor ¢ is less than unity and is expressed in terms of the wetting angle as 
(2-21) 
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Thus a lower supersaturation can facilitate nucleation in a heterogeneous system 
In sulphide precipitation of nickel the dominant particle forming mechanism is primary 
nucleation. 
2.2.3 Secondary Nucleation 
Secondary nucleation results from the presence of pre-eXlstmg preCipitates m the 
supersaturated solution. These parent crystals have a catalysing effect on the nucleation 
process and thus nucleation takes place at a lower supersaturation than that required for 
spontaneous nucleation. Gackson, 1986) 
There are several theories which have been proposed to explain secondary nucleation. 
The origin of secondary nuclei may be traced back to parent crystals as in initial or dust 
breeding; needle breeding; and collision breeding. The secondary nuclei may also result 
from solute in the liquid phase such as impurity concentration gradient breeding and 
nucleation due to fluid shear (Myerson, 2002). The various theories of secondary 
nucleation propose that the secondary nuclei either originate from the parent crystals or 
the boundary layer of the growing crystals. 
The rate of secondary nucleation is a result of three processes: 
1. The generation of secondary nuclei on or near the parent crystal 
2. Removal of the clusters 
3. Growth to form a new solid phase 
The degree of supersaturation is a critical parameter controlling the rate of nucleation 
and affects it in three different ways. At higher supersaturation the adsorbed layer around 
a crystal is thicker and thus results in a large number of nuclei. The size of the critical 
nucleus decreases with increasing supersaturation. As the supersaturation increases, the 
micro-roughness of the surface of the crystal increases, resulting in a larger nuclei 
population. (Myerson, 2002) 
2.3 Growth 
Crystal growth is the crystallisation process by which nuclei grow larger by the addition 
of solute molecules from the supersaturated solution (Myerson, 2002). 
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Crystal growth and nucleation, as well as secondary processes such as aggregation and 
breakage, work in combination to control the final particle size distribution (PSD) of the 
system The conditions and rate of crystal growth impact significantly on the product 
purity and the crystal habit and are thus important parameters in the development of 
industrial crystallisation processes. 
The "linear growth rate" of a crystal is the linear growth of a face of the crystal in a 
direction normal to that face. Face growth rates, however, are not normally used to 
describe the overall growth of a crystal. A more useful definition of growth of a crystal is 
the rate of increase of some characteristic dimension of the crystal. If the crystal was a 
sphere the characteristic dimension is the diameter, but if the crystal is another shape the 
characteristic shape is usually the second longest dimension. 
2.3.1 Crystal growth theories 
Crystals are thought to grow in a layer by layer fashion. Molecules must desolvate and 
absorb on the crystal surface. The general mechanism by which a molecule is 
incOIporated into a crystal face is its adsorption onto a face followed by its diffusion 
along the face to an energetically favourable step (site B) or kink site (0 for its 
incorporation. The difference between step and kink sites is shown in Figure 5 below. 
Energetically site B is more favourable than A and C more favourable than B. It is easier 
for molecules to bond to an existing step or kink than to spread over a surface to form a 
new step and thus crystals grow layer by layer. 
Figure 5: Surface structure of a growing crystal (Ohara and Reid, 1973) 
This explains the method of crystal growth but neither the formation of the steps nor the 
controlling factor for the rate of growth of steps. 
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2.3.1.1 Two-Dimensional Growth Theories 
This theory describes the birth of a step, which is analogous to the formation of nuclei 
clusters, but in only two dimensions. The step can be seen as the formation of a circular 
nucleus on a flat surface, effectively cancelling out one dimension. Molecules will 
continually adsorb, surface diffuse and desorb onto the surface and also collide and form 
two-dimensional aggregates. 
Once the surface nuclei are formed, the manner in which they spread and form a 
complete layer is encompassed by the mononuclear model, the polynuclear model or the 
birth and spread model (Myerson, 2002). 
Mononuclear model: The simplest crystal growth theory predicts the spread of the 
surface nucleus across the surface at an infinite velocity. The rate determining step in this 
model is the formation of the surface nucleus and the growth rate of a face is 
proportional to the area of that face. Thus larger faces grow faster than smaller faces, 
which is contradictory to the observed fact that the fastest growing faces have the 
smallest areas, while larger faces have slower growing areas. This eliminates the 
usefulness of the mononuclear modeL (Myerson, 2002) 
Polynuclear model: This theory predicts the formation of a layer is not due to the spread 
of nuclei but is composed of enough two dimensional nuclei of critical size to cover the 
layer. The polynuclear model predicts that the growth rate will increase with increasing 
nucleation rate but that the growth rate will decrease with the decreasing nuclei size. The 
critical nuclei size decreases with increasing supersaturation. The polynuclear growth rate 
does not predict a continuous increase in crystal growth rate with increasing 
supersaturation; instead it predicts that at some supersaturation, growth is a maximum 
that will decline if the supersaturation is increased or decreased. This prediction has not 
been observed, and is unlikely (Myerson, 2002). 
Birth and spread model: Between the extremes of the mononuclear and the polynuclear 
models, in which the spread velocities are infinite and zero respectively, is the birth and 
spread model. The birth and spread model allows the spreading of nuclei at a finite 
velocity and assumes that the rate of spread is independent of size. (Myerson, 2002) 
Each of these models fails at low supersaturations due to dependence on two-
dimensional nucleation, unless a very low surface energy is used. Therefore these models 
are not suitable for predictive purposes but are illustrative with regards to crystal growth 
mechanisms. 
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2.3.1.2 BCF (Burton-Cabrera-Frank) surface diffusion Model 
The previous models are unsatisfactory because they make crystal growth a non-
continuous process with the rate determining step being the formation of a critical two-
dimensional surface nucleus (Myerson, 2002). Frank (1949) put forward a theory in 
which steps are self-perpetuating and stem from dislocations in the crystal surface known 
as "screw dislocations" thus providing a way in which steps and therefore crystals grow 
continuously. These dislocations arise because crystals growing layer-by-layer often have 
imperfections (Mullin,2001). 
Molecules adsorbed onto the crystal surface migrate to the higher of the two planes of 
the screw dislocation, thus forming a spiral staircase Oeft- or right-hand). The dislocation 
is still present after the layer is complete, so further molecules can absorb, migrate and 
form layers. The screw dislocation (a) from which the staircase grows follows a spiral 
radius (b) which is limited by the supersaturation, and thus a completely smooth face is 
not possible under spiral growth conditions as seen from the side view (c) (Figure 6). 
(a) (b) (c) 
Figure 6: Development of a growth spiral from the screw dislocation (Mullin, 2002) 
Surface nucleation is not required for growth and growth can occur at a finite rate at low 
supersaturations in this model. 
2.3.1.3 The Diffusion Layer Model 
Boundary layer thickness and diffusion of the solute through the boundary layer can be 
significant factors in controlling the growth of a crystal (Myerson, 2002). The diffusion 
layer model focuses on the diffusion of the solute through the boundary layer. 
As a crystal grows, solute molecules migrate from the supersaturated solution and are 
incorporated into the crystal face, thus depleting the solute in the region of the crystal-
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liquid interface. Solute will diffuse from the bulk solution (high concentration) to the 
crystal-liquid interface which is at a significantly lower concentration. The region in 
which the concentration of solute is changing is known as the "concentration boundary 
layer". The distance from the crystal surface to where the concentration is equal to the 
bulk concentration is known as the boundary layer thickness, 5 . 
There are two stages of mass deposition of the solute molecules onto the crystal surface 
(Figure 7); a diffusion process where solute molecules travel to the crystal surface from 
the bulk, followed by a first order "reaction" when the solute molecules arrange 
themselves into the crystal lattice. (Mullin, 2001) 
Adsorption Boundary 
Layer Layer 
~ 
,',.,: 1 
<.' i 1 
C ----j-----------' 
! 
Crystal I C I 
) 
I Diffusion driving force 
I "Reaction" driving force 
Bulk solution 
Figure 7: Concentration profile and concentration driving forces in crystallisation from 
solution according to the simple diffusion-reaction model (Mullin, 2001; Myerson, 2002) 
2.4 Aggregation 
Aggregation is the adherence of primary particles that are cemented afterwards by a 
crystalline bridge between two or more crystals (Mersmann and Braun, 2001). The 
bridge is as a result of crystal growth for which supersaturation is necessary. 
Aggregation occurs when small particles collide and form a permanent attachment if the 
van der Waals forces are stronger than the gravitational forces. The rate of particle 
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agglomeration is dependent on the frequency of collisions and the efficiency of particle 
contact (Mullin, 2001). 
Aggregation consists of three steps illustrated diagrammatically in Figure 8 below (Franke 
and Mersmann, 1995) 
1. The collision of particles 
2. the "staying together" of particles 
3. the formation of crystalline bridges between these particles (cementation) 
_ Free _ 
.. Particles .. 
\ / 
~mentation 
ee 
Free Particles Aggregate 
Figure 8: Formation of an aggregate - free particles collide and either disrupt and remain 
as free particles or cement together via growth of a crystalline bridge between the 
particles and form an aggregate 
The rate of bridge formation is directly linked to the growth rate of the precipitate in the 
space between the touching particles. Both electrostatic stabilisation (via repulsion of 
electric double layers) and steric stabilisation (via polymeric or macromolecular 
adsorbents to impart colloidal stability? are considered in the formation of aggregates 
(Myerson, 2002). 
The rate raJL, A) at which particles of size fL, L + dL} aggregate with particles of size 
fA, A + ciA} is proportional to the product of the number of particles in these respective 
size ranges. The rate of aggregation is characterised by a rate constant f3(L, A) , termed 
the aggregation kernel. The rate of aggregation is thus expressed as 
(2-23) 
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The aggregation kernel is a measure of the frequency with which a particle of size L 
aggregates with one of size A. The assumption is that all particle collisions are binary and 
it is thus implied that particle concentrations are sufficiently low. Kernels are thus a 
product of two factors 
fJ(L, A) = Po xf(L, A) (2-24) 
where Po depends on operating conditions such as the local fluid velocity and the 
chemical environment and is independent of size. f (L, A) is a function of particle size 
and often reflects the mechanism of aggregation. The table below summarizes some 
aggregation kernels formulated in this way. (Bramleyet aI., 1996) 
Table 1: Aggregation kernels after Bramleyet al (1996) 
Mechanism 
Size independent 
Brownian motion 
(Smoluchowski, 1917) 
Gravitational (Berry, 1967) 
Shear (Smoluchowski, 1917; 
Low, 1972) 
Particle inertia (Drake, 1972) 
Thompson kernel, empirical 
(Thompson, 1968) 
Kernel P(L~ A) 
PIL + A)(L1 + A1) 
PIL + AllL - AI 
PIL+AY 
PIL + AlIL2 - A21 
PIL3 _ A3l/( L3 + A3) 
The formation of these aggregation kernels can be classified into two broad categories 
1. Perikinetic collision - where particles are present in a stagnant fluid and come 
into contact via Brownian motion and thus is usually only valid for small 
particles ( < 1 ~m). These collisions are also influenced by the zeta potential of 
the particles. 
ii. Orthokinetic collision - if particles are sufficiently large or the fluid shear rate 
high, thus in agitated dispersions, where the relative motion of velocity 
gradients exceeds that caused by Brownian effects. 
The disruption of aggregates takes place by the same collision mechanisms. 
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Aggregation can play an important role in increasing particle sizes due to the small 
particle sizes and high particle concentrations in precipitation systems (Myerson, 2002). 
Properties of precipitates are strongly dependent on the extent to which secondary 
processes such as agglomeration have modified the initial suspension (Sohnel and Mullin, 
1987). Aggregation occurs alongside crystal growth and is responsible for rapid 
enlargement of particle size. Aggregation and particle growth are both strongly 
dependent on supersaturation and solution composition (Hounslowet aI, 2001), and a 
high level of supersaturation will favour aggregation of particles over crystal growth. 
2.5 Breakage 
Breakage occurs when the combined effect of the fluid shear rate and the mass (densit)] 
of the particles causes a large enough force to break apart large colliding particles into 
smaller particles. Breakage usually occurs only after particles have grown to a certain size 
and are subject to a sufficiently turbulent environment. 
Hounslow et al (2005) use a breakage function for which there is an analytical solution. 
The breakage selection rate constant, 5(1,5), is the rate at which a fragment of a particle 
size I will be selected to break The selection rate was taken to increase with the size 
cubed and the binary breakage function is formulated as one that gives uniform 
probability of all fragment sizes on a volume scale, that is 
5(45) = klmuJl' (2-42) 
where S is the breakage selection rate (S-I), ~reak is the breakage rate constant (S-I.m-\ I is 
the particle size (m), and 
6x 2 
b(l,x,s)=y (2-43) 
This is just one example of the two expressions for breakage considered by Hounslow et 
al (2005) in developing a model framework for the crystallisation of a single solid species 
in a well-mixed compartment at steady state. 
Supersaturation as the driving force behind precipitation processes was described. A 
detailed description of particle forming mechanisms, such as nucleation, aggregation and 
breakage, which dictate particle size, was presented in this chapter. 
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3. Sulphide Precipitation 
This chapter focuses specifically on the precipitation of metal sulphides. The potential 
advantages and disadvantages of using sulphide as the precipitating agent are listed. The 
reactive nature of sulphide is highlighted, which leads to the low solubility products of 
metal sulphides. The relationship between solubility and pH is discussed including how 
pH can be manipulated to facilitate selective precipitation of different metal sulphides. 
Practical challenges such as controlling precipitate formation and properties arising from 
low solubilities are discussed. Hydrogen sulphide speciation is explained. Discussion of 
the formation of polysulphide clusters as intermediates during precipitate formation and 
as products of metal sulphide dissolution. 
Many hydro metallurgical industries exploit sulphide precipitation using H2S(g). The 
Kokkola cobalt plant of the Outokumpu Company of Finland uses selective sulphide 
precipitation to achieve solution purification Oackson, 1986). 
This process exploits several advantageous aspects of sulphide precipitation, shown in 
the list below; 
• Good metal removal efficiency is possible due to the sparingly soluble nature of 
metal sulphide precipitates (Bhattacharrya, 1981) 
• Selective metal recovery is feasible (Veeken et aI., 2003) 
• Metal removal is possible over a wide pH range (Mishra and Das, 1992) 
• Low residence time required in the reaction tank because of the high reactivities 
(rapid kinetics) of metal sulphides (Veeken et aI., 2003) 
• Sulphide will precipitate metals complexed with most complexing agents (Mishra 
and Das, 1992) 
• Sludge volumes of metal sulphide precipitates are relatively low compared to 
when using other precipitating agents such as carbonates or hydroxides (Bhagat 
et aI., 2004) 
• Sulphide precipitates can be processed by existing smelters for metal recovery 
(B ha ttacharrya, 1981) 
However, there are disadvantages associated with sulphide precipitation as well; 
• The rapid reaction kinetics means that effective control of the precipitation 
process is required for selective precipitation of metals Oandova et aI., 2005) 
• High reactivities and the sparingly soluble nature of metal sulphides form very 
small particle sizes (colloids) making phase separation after filtration difficult 
Oandova et aI., 2005) 
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• The formation of HzS(g) at low pH values presents a gas odour and safety 
problem (Hammack et aI., 1994) 
Thus, in order to operate effective sulphide precipitation processes control is necessary 
to prevent or alleviate difficulties inherent in the process as a result of the sparingly 
soluble nature of sulphide precipitates and their rapid reaction rates. 
The following sections highlight some aspects of metal sulphide preCIpItatiOn to be 
considered in order to facilitate efficient metal removal using a sulphide precipitating 
agent. 
3.1. Metal sulphide solubilities 
A sparingly soluble salt, such as a metal sulphide, undergoes partial dissolution with 
dissociation into ions when in equilibrium with a limited amount of water. The 
equilibrium established for a salt ~p n is 
(3- 1) 
And the thermodynamic equilibrium constant, in terms of activities, is 
(3-2) 
The activity of a pure condensed solid (a M'+ Py_) is taken as unity and thus the equation 
becomes 
(3-3) 
This thermodynamic equilibrium constant, Ksp, is known as the solubility product. Metal 
sulphides are sparingly soluble and, hence, have very low solubility product values. Thus 
the ion activity coefficient will be close to unity and the solubility product may be 
expressed in terms of concentrations. For metal sulphides a;,_ = a;,_ and so the 
solubility product becomes 
(3-4) 
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Solubility product values of several metal sulphides as well as solubility product 
expressions with respect to activities are displayed in Table 2. 
Table 2: Solubility product expressions and values for some metal sulphides Gackson, 
1986) 
Metal sulphide 
Solubility product at 25°C 
expresslOn Ksp logKsp 
CdS G Cd2+ X G S2 - = 1.58 X 10-26 -25.8 
CoS GC02+ x G S2 - = 5.01 X 10-22 -21.3 
CUS Gcu2 + X G S2- = 7.94 X 10-37 -36.1 
FeS G Fe 2+ X G S2 - = 7.94 X 10-19 -18.1 
HgS G Hg2 + X G s '- = 2.00 X 10-53 -52.7 
MnS G Mn2 + X G S2 - = 3.16 X 10-11 -10.5 
NiS G Nih X G s2 - = 3.98 X 10-20 -19.4 
PbS G Pb'+ X G S2 - = 3.16 X 10-28 -27.5 
ZnS G Zn2 + x G S2- = 2.00 X 10-25 -24.7 
This table quantifies the sparingly soluble nature of several metal sulphide compounds. 
Solubility data may be conveniently presented in a graphic form by rearranging equation 
3-3 to give 
(3-5) 
taking the log of both sides of the equation yields a straight line graph of the log of the 
sulphide ion activity with respect to the metal ion activity, with the solubility product as 
the gradient of the line, since m = n = 1 for all metal sulphides in question 
(3-6) 
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The expression is the basis of the curves shown on the sulphide precipitation diagram in 
Figure 9. 
+ 
... 
-1 
1: -2 
o 
8' 
--.J 
-3 
-2 0 2 4 5 a 10 
Figure 9: Metal sulphide precipitation diagram [25°C and 1 atm for H2S(g)] Gackson, 
1986) 
This diagram illustrates the dissolution concentrations of various metal sulphides. The 
sulphide activity on the x axis represents the total sulphide concentration upon 
dissociation of the metal sulphide. The point on a curve for a given metal activity of a 
particular metal sulphide v.ill yield a sulphide activity on the x axis, below which 
precipitation of the metal sulphide v.ill not occur. Figure 9 gives an indication of the 
order of metal sulphide precipitation as the sulphide activity is increased. Superimposed 
on the log sulphide activity scale are corresponding pH values for standard conditions, 
which allows for direct assessment of the thermodynamic tendency for precipitation to 
occur in terms of the pH of the solution Gackson, 1986). 
Metal sulphide solubility is closely linked with pH (section 3.2) and therefore this must be 
considered for metal sulphide precipitation. For example, NiS solubility is amphoteric as 
shown in the following graph of pH dependent solubility of nickel sulphide (Figure 10). 
The very low solubility of nickel sulphide coupled with the high reactivity facilitates 
almost complete removal of heavy metal ions in solution between pH values of 3 - 14. 
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Figure 10: Solubility of nickel sulphide in solution generated using the OLI Stream 
Analyzer software (25 July 2005) 
The disadvantages associated with sparingly soluble metal sulphide precipitation stem 
from the very same low Ksp values and high reactivities. The supersaturation is generated 
instantaneously and the precipitation reaction is thus difficult to control. 
At the high supersaturations generated in sparingly soluble systems, nucleation governs 
particle rate processes rather than growth. This produces many small particles (nm - ~m). 
The removal of precipitates by filtration is then entirely dependent on the smallest filter 
size available. 
Precipitates may also be removed by settling under gravity, which is based on the 
terminal velocity of the particles. The terminal velocity is a combination of the 
gravitational downward force provided by the weight of the particle and the resisting 
buoyant force on the particle. The time taken for settling to occur is a combination of 
these two forces. Assuming a spherical particle, the smaller the particle radius the longer 
it takes to settle because of the decreased sudace area to weight ratio and thus 
gravitational force. Therefore, the settling tank must be longer to provide more time for 
settling in order to efficiently separate the solid and aqueous phases. Very fine particles in 
the sub-micron range « 1pm) are very readily affected by natural convection currents in 
the fluid and their behaviour is also affected by Brownian motion. The settling particles 
are bombarded with molecules of the fluid in a random manner thus the net resultant 
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force acting at any instant may be large enough to cause change in its direction of 
motion, leading to inefficient settling (Coulson and Richardson, 2002). Thus, small 
particles do not settle well based on the sedimentation velocity expressed in the equation 
below 
(3-7) 
where u is the settling velocity of the particles, d their diameter and p their density. Ji 
and Po are the viscosity and the density of the aqueous medium in which the particles are 
settling and g the acceleration due to gravity. 
Reducing the supersaturation of the precipitating system will encourage larger precipitate 
particle sizes through growth and/or aggregation rather than the principle particle rate 
process being nucleation. Therefore, if the particles formed are larger, there will be 
increased phase separation efficiency through both filtration and settling. 
3.2 Sulphide Speciation 
Hydrogen sulphide is a gas which dissolves in water and, as a weak dibasic acid, 
undergoes dissociation in two stages prior to reaction with metal to form the metal 
sulphide Qackson, 1986). The speciation of aqueous H1S is the pH dependent equilibria 
between the sulphide species (H1S, HS-, Sl-) and is expressed in the ionic dissociation 
equations 3-8 and 3-9 
pKl = 6.99 Qackson, 1986) (1-1) 
pK1 = 17.40 (Midgisov et al., 2001)(1-2) 
The diagrammatic representation of these equations is shown in Figure 11 
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Figure 11: The pH dependent speciation dissociation of free sulphides 
The equilibrium concentrations of the sulphide species used to construct the above 
graph (Figure 11) are quantified by the following equilibrium concentration expressions 
(Stumm and Morgan, 1996) 
(3-8) 
(3-9) 
(3-10) 
There is a discrepancy relating to the value of the second dissociation constant (pK~. 
Stumm and Morgan (1996) state that the second dissociation constant is between 13 and 
19 but that more recent, spetrophotometrically determined, constants are between 17 
and 19. The most recent value found is 17.4 ± 0.3 (Migdisov, 2001) which has been used 
in the graph and equations above. These high values imply that S2- rarely occurs at 
significant concentrations in aqueous solution (Licht, 1988; Stumm and Morgan, 1996). 
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In a study by Kolthoff and Moltzau (1935) it was proposed that sulphide precipitation 
involves the reaction of bisulphide ions to give first a metal hydrosulphide complex of 
the metal which, by secondary loss of hydrogen sulphide, results in the formation of the 
metal sulphide itself. More recently van Hille et aI. (2005) have also suggested that the 
principle sulphide species participating in the sulphide precipitation reaction was the 
bisulphide ion. Thus, the main reaction expected for sulphide precipitation becomes 
(3-11) 
3.3 Fonnation of aqueous polysulphide complexes/ clusters 
In metal sulphide precipitation, the formation of aqueous polysulphide complexes or 
clusters is either an intermediary step before formation of the solid precipitate, or a 
means by which solid precipitates dissolve after precipitation. Indeed, both processes 
may occur. Thus, consideration of polysulphide complexes and clusters is important to 
provide insight to the mechanism of formation of metal sulphide precipitates and also 
their mechanism of dissolution. 
The formation of polysulphide complexes or clusters results from the presence of 
stoichiometrically excess sulphide and is caused by either the addition of excess sulphide 
or local sulphide excesses present in the precipitating system Local excesses are formed 
as a result of inefficient mixing owing to rapid reaction kinetics in the precipitating 
system and can occur despite the addition of stoichiometric or below stoichiometric 
concentrations of metal and sulphide to the reactor. 
There are two possible consequences of stoichiometrically excess sulphide reagent 
present in a metal precipitating system; 
• the formation of soluble polysulphide complexes (Luther et aI., 1999; van Hille et 
aI., 2005) 
• the formation of aqueous clusters (Luther et aI., 1999; Luther et aI., 2002) 
Q)mplexes are simply defined as coordination compounds, where a central atom or ion, 
M, unites with one or more ligands, L, to form a species of the form MLjLjLk (Q)tton et 
aI., 1999). The metal and ligands may all be charged. Further, these complexes: 
a should contain a central metal ion capable of significant existence, and 
b should exist for a substantial period of time under reaction conditions 
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A cluster is defined as a polynuclear complex. There is an electrochemical operational 
continuum between metal sulphide clusters and complexes and the first condensed solid 
(Rickard and Luther, 2006). Both complexes and clusters are possible when the metal ion 
IS copper. 
A study carried out by van Hille et al. (2005) investigated the precipitation of copper 
sulphide in a seeded fluidised bed reactor. In an attempt to improve the removal of Cu2+ 
ions from solution an excess of sulphide was introduced to the system It was found that 
even under significant stoichiometric excess the free aqueous sulphide (S2", HS", and HzS 
(aq)) concentration did not exceed 1ppm. 
It was concluded that the system was complicated by the formation of stable, soluble 
copper polysulphide complexes as shown below (van Hille, 2005). 
(3-12) 
(3-13) 
An alternative explanation is the formation of aqueous clusters which was investigated in 
a copper system by Luther et aI, 2002. The process involves the formation of Cu3S3, 6-
membered rings in solution and these trinuclear Cu rings are the building blocks for the 
aqueous CuS cluster, which result in CuS precipitation. The Cu3S3 reacts with and 
without aqueous sulphide (specifically bisulphide) to form Cu4S6 and Cu4SS aqueous 
clusters respectively as shown below (Luther et al., 2002) 
Luther et al. (1999) also investigated zinc sulphide precipitation and found very similar 
results. Aqueous zinc reacts with aqueous sulphide to form a Zn3S3 aqueous cluster, 
which then reacts further with aqueous sulphide to form a [Zn4S64-] polysulphide ion. 
The ion condenses with Zn3S3 (aq) to form solid ZnS, and the kinetics of this final step 
are relatively slow. 
A study pedormed by Rickard and Luther (2006) has identified a number of possible 
nickel sulphide complexes which may form when an excess amount of sulphide is 
present in the precipitating solution. The table below shows the likely nickel sulphide 
complexes with their stability constants and the method in which they were formed. 
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Table 3: Summary of stability constants for proposed nickel sulphide complexes and the 
methods used (Rickard and Luther, 2006) 
Species logK ./ Method Reference 
4.77 0.7 Ligand competition Al-Farawati and van den Berg (1999) 
[Ni(HS)r 5.3 0.7 Sulphide titration Zhang and Millero (1994) 
4.97 0.7 Sulphide titration Luther et ai. (1996) 
[Ni(HS)2f 10.47 0.7 Ligand competition Al-Farawati and van den Berg (1999) 
[Ni2(HS)]3+ 9.99 0.7 Sulphide titration Luther et ai. (1996) 
[Ni3(HS)]s+ 15.90 0.7 Sulphide titration Luther et ai. (1996) 
[Ni(S4)] 5.72 0.55 Sulphide titration Chadwell et ai. (2001) 
[Ni2(S4)]2+ 11.01 0.55 Sulphide titration Chadwell et ai. (2001) 
[Ni(Ss)] 5.53 0.55 Sulphide titration Chadwell et ai. (1999) 
[Ni2(Ss)r 11.06 0.55 Sulphide titration Chadwell et ai. (1999) 
where I is the ionic strength and logK the conditional stability constant valid only for the 
stated conditions i.e. for the ionic strength shown. The ionic strength directly influences 
the activity coefficients for the complexes formed by affecting the activity of either the 
metal or the ligand. 
There are two instances when polysulphide ions may be encountered in the precipitation 
of metal sulphides (Luther et aI., 1996); 
1. during precipitation as intermediates in the formation of solid metal sulphides, or 
ii. post precipitation as a means in which solid metal sulphide dissolution occurs 
Any excess sulphide present will react with precipitated nickel sulphide to form 
polysulphide complexes or aqueous polysulphide clusters, thereby providing a way in 
which metal ions remain in solution (Luther et aI, 1999; 2002). Thus, efficient sulphide 
precipitation requires stoichiometric amounts of sulphide and metal ions and effective 
control mechanisms to maintain the stoichiometric ratio during operation. 
This chapter discussed the various aspects to be considered in the practical application of 
metal sulphide precipitation technology and a significant number of application-specific 
publications were cited. 
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4. Methods of reducing local supersaturation 
TIlls chapter highlights high supersaturation as a particularly important phenomenon 
which needs to be addressed in order to improve process conditions. High 
supersaturation can be both a global or local phenomenon, with local supersaturation 
being particularly important in applications where the reactivity between the reagents is 
high, such as the metal sulphide system. In this case supersaturation around reagent inlet 
points can be extremely high, despite the globally calculated value being acceptable. The 
chapter identifies three potential methods to reduce local supersaturation: Improved 
mixing, modifications to reactor design and employing a gaseous sulphide source. 
Control of the precipitating environment is desired in order to avoid unfavourable 
reactions, and the subsequent formation of unwanted products. TIlls can be achieved 
through lowering the local supersaturation and reducing the spatial inhomogeneity of the 
supersaturation. Even if the global stoichiometry of the system is controlled, control of 
the local supersaturation is necessary due to the rapid kinetics of the precipitation 
reactIon. 
There are various ways of reducing local supersaturation in order to promote control of 
the particle rate processes and decrease the chance of formation of polysulphide 
complexes and clusters. TIlls can be best achieved by controlling the local reagent 
concentratIons. 
Mixing of reagents plays an important role in the generation of supersaturation as it is the 
means by which the concentrations of reagents are dispersed in the solution and thus 
directly affects the formation of local supersaturations. 
The fluidised bed reactor (FBR) highlights two methods in which supersaturation can be 
lowered in this reactor configuration for the formation of sparingly soluble precipitates; 
increasing the number of reagent inlet points and introducing a recycle stream to the 
reactor. 
The use of a gaseous precipitating reagent will decrease the rate at which the active 
reagent enters solution due to mass transfer constraints. The supersaturation is therefore 
limited, which in tum limits the rate of precipitation. Thus, by using a gaseous sulphide 
precipitating agent it is possible to slow the rate of formation of metal sulphides by 
harnessing the mass transfer rate. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
,C"h"""p~,,~,c4<., 'w"'2nw,c"""""'c'~'"D"'"nNGC. "">~,Coc,,,,",,'i'""~"·"'''''"'''>''"""h""" ________ -.C-34-
4.1 Mixing 
1be "i7.~ and morphology of crys\,)ls ob\~llwd by preClp'laUon are greatly affecte d hy 
h},Jrud}namic condilion> within a prec ipitation rcanion (MY1;rson, 2002) because the 
mix.ing of thc s}~ tem dircnly ,)HeclS lhe dislribution of lhe re,.;enL' in the "Y'tem, thus 
the local ,upersaruration. Good mixing of thc re,1CI~nt fe ed stream with lhe hulk ",lution 
of the precipil~tion ye"e1 is e"mrulto achie"e good owrall mixing in thc S)~km and to 
sm(X}th out ally .mpers,lttmHion peaks in 1001 regions (Mullin, 2001). 
High 
SllpeTh .lluratwn 
Lowe r 
'" P<' Tha tura t10 11 
Figure 12: Introduction of a reagCllt fccd stream into ,) stirr~d, baffled balch reactor 
showing vuiations in concentration ,,-ith spatial posnioll (Vicum et ai., 2004) 
Precipitating reagent A i., introduccd illto ,) bulk sohalon of B in a fed balch 'Y'lem. 1be 
plume of r~agent is ckarly visible, indicating inefficient mixing. TIlC sllpeThaturation 
alollg the hounci,uy of dlC f~ed plume close 10 lhe entl} point is extre mely high a.\ the 
concemralion o[ feed reaj;ellt is hij;h e.,t. Around the impelkr tll« sllper,aturalion is 
decrea,ed kcause thc concentration of me feed reagem is distributed by .lgiLllioll. At the 
~xtr~milie, o[ lhe reactor, where the effecL' of mixing arc not ~t signific~nt, tll« region is 
under;atur.ltcd. 
1\1e,,-,-miXillg i, illmtr.lted ill FigllrC 12. It is tll« turbulent dispeThion of an incoming 
fresh feed plllme 1>.-1dlin a precipitator. 11.lCro-mix.illg i, conccmed with blllk flllld 
m::lVcmcnt ,md bknding and is influenced hy precipitator rd,ncd wn,)blcs sllch as 
~git~tor speed and ,-e,s.el ge0metry. .\1icmmixing i, mixing on or near a molecular level 
~nd is influenced by fluid phY'ical plDpcrt ics ,md loc~l ('Ondiliom. 
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Various configurations of batch precipitating systems have been proposed in order to 
lower the high local supersaturation effect of which two are discussed (Lewis et al., 
2005). 
1. Both reagents, A and B, can be continuously fed into a bulk carrier solution 
which serves to dilute their concentrations. The probability of A and B molecules 
interacting in large concentrations is decreased and thus the supersaturation (an 
equilibrium normalised concentration product of the two reagents) of the system 
is decreased. 
ii. A T mixer in which reagents A and B are mixed in small proportions prior to 
discharge into the bulk reaction solution provides a means of control over the 
supersaturation created. The small amounts of reagent solutions allowed by the 
scale of the T mixer allow this control. Also, very efficient mixing is possible at 
this small scale. When one of the reagent streams is diluted with a recycle stream 
from the bulk reactor then the supersaturation is lowered as well as controlled. 
Heavy metal precipitation using an aqueous source of sulphide requires very fine control 
to ensure that high local supersaturations, along with associated negative effects such as 
colloid formation, do not occur in the bulk of the solution. Therefore, control of 
precipitation processes employing an aqueous sulphide source is usually not robust 
enough to be applicable on an industrial scale. This is inferred from large scale processes 
such as the Sherrit-Gordon process which use H2S(g) as the precipitating agent (Jackson, 
1986). 
Figure 12 illustrates the importance of the local supersaturation when considering 
precipitation in a sparingly soluble system. The global supersaturation calculation 
provides an insufficient description of the system due to local supersaturation gradients. 
Efficient mixing is difficult to achieve in sparingly soluble precipitation systems because 
of their rapid kinetics, leading to local gradients in supersaturation (Myerson, 2002). 
Local supersaturation gradients impact the sparingly soluble precipitation process 
significantly because mixing time, even on a molecular scale (micromixing), is much 
slower than the rate of reaction (Baldyga and Bourne, 1989). For example, the reaction 
between copper and sulphide falls into the instantaneous regime (Sahnel and Garside, 
1992), which is characterised by the nucleation rate being much faster than the 
micromixing time. Therefore the formation of solid takes place while mixing is still 
imperfect. 
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4.2 Fluidised Bed Reactor (FBR) 
This reactor configuration is used in an attempt to decrease local supersaturation using 
an aqueous reagent source. It has been used effectively in the softening of water by 
precipitation of Caco3 (Scholler et al., 1987) and more recently in the precipitation of 
nickel hydroxyl-carbonate for removal of heavy metals from solution (Costodes et al., 
2006). Van Hille et al., 2005, attempted copper sulphide precipitation in a FBR 
In FBRs radial mixing is highly efficient although there is no axial mixing thus there is, 
theoretically, a uniform concentration in every part of the bed (Costodes et al., 2006). In 
reality the flow pattern in an FBR bed is intermediate between perfectly mixed and plug-
flow and therefore it is difficult to achieve complete distribution of supersaturation in all 
parts of the bed. 
The FBR reactor has highlighted ways of reducing the local supersaturation of sparingly 
soluble systems. Fines production in an FBR must be minimised or eliminated in order 
to prevent elutriation of precipitates from the reactor and, hence, a decrease in process 
efficiency. Figure 13 shows a schematic of an FBR and methods used to decrease 
supersaturation (Costodes et al., 2006). 
Side 
reagent--~ 
inlet (1) 
Bottom 
---+J 
reagent 
inlet 
(a) 
Reactor 
Outlet 
Sampling 
Points 
M alificatians to 
decrease trod 
supersaturation 
L--_------,:> Multiple sUk 
reawzt inlets 
Seed Outlet 
Bottom 
reagent 
Rec;de 
stream 
inlet ---.'-------.. 
Combined recycle 
and fresh reagent 
(2) 
(b) 
Reactor 
Outlet 
Figure 13: Schematic of an FBR and methods used to decrease local supersaturation (van 
Hille, 2005; Guillard, 2001) 
Un
ive
rsi
ty 
of 
Ca
pe
 T
wn
Chapter 4: MErnODS OF REDUONG LOCAL SUPERSATURATION - 37-
Van Hille (2005) used the FBR configuration shown above to precipitate copper sulphide 
and Guillard (2001) and Costodes (2006) used it to precipitate nickel hydroxy-carbonate. 
For both precipitation systems, the solution containing the metal ion was pumped 
vertically upwards into the bed and the precipitating agent was injected horizontally into 
the bed. 
Fines production in the FBR is due to (Guillard, 2001, Costodes, 2006) 
1. High local supersaturations at the side reagent inlet point 
ii. Attrition of precipitates as a result of collisions in the bed 
The high local supersaturations generated at the side reagent inlet point (1) result in rapid 
production of many fine particles by primary nucleation. By reducing the local 
supersaturation at the side reagent inlet point of the reactor it is possible to promote 
heterogeneous nucleation and thus encourage precipitate to deposit only on the sand 
particles. 
The high local supersaturation at the side reagent inlet point is caused by the high reagent 
concentration introduced to the FBR Therefore, decreasing the reagent concentration at 
the side inlet and splitting the feed concentration along a section of the reactor length 
will result in lower local supersaturations (Costodes et al., 2006). 
The application of multiple side reagent inlet points while decreasing the feed 
concentration to FBRs has resulted in a significant decrease in fines production by 
effectively reducing the local supersaturation in the side inlet region thus enhancing 
process efficiency (Costodes et al., 2006). Multiplying the side reagent inlets has resulted 
in decreased fluctuations in the supersaturation levels, therefore better control of 
supersaturation in the system which also contributes to increased process efficiency. 
Successful applications of this approach have been carried out in a nickel hydroxy-
carbonate system by Guillard (2001) and Costodes et al. (2006). However, in the copper 
sulphide precipitation system it was necessary to not only split the multiply the feed 
stream and reduce its concentrations, but to also add acid, thus manipulating the 
speciation of the aqueous sulphide stream in order to reduce local supersaturations (van 
Hille et al., 2005). 
Another means of reducing the reagent concentration entering the FBR, and thus 
reducing the local supersaturation at feed inlet points, is by introducing a recycle stream. 
This dilutes the reagent stream coming in at the base of the reactor (2), and contributes 
to the decrease in local supersaturation at the side inlet feed points (Costodes et al., 
2006). In the sulphide system the effect of diluting the incoming stream increases the 
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likelihood of local stoichiometric excess of sulphide in the inlets and therefore is not 
effective (van Hille, 2005). 
The recycle stream is also useful because fluidisation of the bed is mainly achieved 
through the recirculation flowrate (Guillard, 2001). The mixing intensity caused by the 
recirculation stream is sufficient to break up agglomerates of pellets when 
supersaturations are low. 
The precipitates in the FBR copper sulphide system did not form on the surface of the 
sand particles and exited with the treated solution from the top reactor outlet. Only when 
the sand was pretreated did the copper sulphide precipitate directly onto the sand 
particles. However, the insoluble nature of CuS, even at acidic pH values, precluded the 
recovery of the precipitated copper off the seed particles. Therefore, this reactor 
configuration appears to have limited potential for the recovery of valuable metals as 
metal sulphides. 
4.3 Gaseous precipitating reagent 
A method which can be used to decrease the rate of generation of supersaturation in the 
precipitating system is to supply the precipitating reagent in a gaseous form. Copper has 
efficiently been removed from mixed effluent streams using hydrogen sulphide gas 
(Hammack et al., 1993, 1994). By using a gaseous sulphide source the rate at which the 
sulphide enters solution is limited by the rate of dissolution of HzS (g). Thus the high 
local supersaturations are avoided by the mass transfer constraint. In addition the gas 
bubbles move up through the reactor so the diffusion zone is dynamic rather than static. 
Therefore, the aqueous sulphide species are diffused throughout most of the reactor 
volume, limiting regions of high local supersaturation and the formation of a product 
with unfavourable characteristics. 
The use of a gaseous precipitating reagent is rate limiting for the precipitation process 
due to the mass transfer limitation. 
In this chapter methods of reducing local supersaturation were discussed and it was 
found that 
• Improving mixing was discounted as a practical solution due to the nucleation rate 
being more rapid than the micromixing time 
• Fluidised bed reactors were only successful in systems where the Ksp of the products 
were significantly higher than those for metal sulphides and attempts to utilise the 
fluidised bed for copper sulphide were less successful 
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• The use of a gaseous sulphide reagent, which has been successfully employed to 
precipitate base metal sulphides, was identified as the most promising option and its 
advantages are discussed in greater detail in Chapter 5 
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5. Gaseous dissolution and reaction of H 2S(g) 
The chapter describes dissolution and subsequent speciation of HzS(g) in an aqueous 
medium It begins with the derivation of Higbie's Penetration Theory and continues with 
the application of this model to the dissolution of HzS (g) and subsequent precipitation of 
metal sulphides. 
Mass transfer across an interface between a gas and a liquid or between two liquid phases 
is important in separation processes such as distillation (Seader and Henley, 1998) and is 
applicable in precipitation when using a gaseous precipitating agent. Fluid-fluid mass 
transfer is used to describe the dissolution of a substance from a gas bubble into the 
surrounding solution. Oktaybas et al. (1994) investigated the precipitation of copper with 
HzS(g) using Higbie's penetration theory to determine the mass transfer coefficient and 
thus quantify the rate of dissolution of the sulphide precipitating agent. 
The fundamental diffusion equations on which Higbie's theory is based are those which 
describe simple one dimensional unsteady state molecular diffusion, which are derived 
below. In addition, Higbie's penetration theory uses mass transfer coefficients to model 
more simply the complex diffusion and reaction of metal sulphides. 
S.l One dimensional unsteady state molecular diffusion (Seader 
and Henley, 1998) 
Fick's first law of ordinary molecular diffusion relates the molar flow flux through 
species B of diffusing species A, across a given cross-sectional area, A, to the diffusivity, 
D AS, and the concentration gradient of the area A. 
(5-1) 
Equation 5-1 is applied to unsteady state molecular diffusion by considering the 
accumulation or depletion of a species with time in a unit volume through which the 
species is diffusing. Figure 14 shows diffusion of species A through species B through a 
differential volume in only the z direction. 
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Flow in Accumulation Flow out 
( & ) n --D _A A,+" - AS bZ 
z+ru 
Z z+L1z 
\. ) 
volume;A . Liz 
Figure 14: Unsteady state diffusion through a differential volume A Liz (Seader and 
Henley, 1998) 
Assuming a constant total concentration, C = CA + Cs, constant diffusivity, and negligible 
bulk flow, the molar flowrate of species A by diffusion at the plane z =Z is given by 
And at the plane z + ~, the diffusion rate is 
The accumulation of species A in the control volume is 
A &A L1z 
cSt 
Applying rate in - rate out = accumulation, 
Rearranging and simplifying, 
(5-2) 
(5-3) 
(5-4) 
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D =[(&A/&L~-(&A/&tl=&A 
AB &' cSt (5-6) 
Taking the limit as ~ ~ 0, 
(5-7) 
This is Fick's second law for one dimensional diffusion. For diffusion in the radial 
direction only in spherical co-ordinates, Fick's second law becomes, 
(5-8) 
Analytical solutions to these partial differential equations are available for a number of 
boundary conditions, discussed in Seader and Henley (1998). 
Mass transfer problems are mostly solved using mass transfer coefficients (Seader and 
Henley, 1998). As concentration is defined in many different ways, different mass 
transfer coefficients are defined. If LicA is selected as the driving force for mass transfer, 
then the mass transfer coefficient, ko (molltime-area-driving force) is defined as shown 
below, 
(5-9) 
Higbie's penetration theory has been developed to describe mass transfer from a fluid to 
the fluid-fluid interface by determining the mass transfer coefficient, that is, the area 
normal rate of mass transfer for fluid-fluid diffusion (Seader and Henley, 1998). 
Higbie's penetration theory offers a realistic physical model of mass transfer across a gas-
liquid interface into a bulk liquid stream, shown in Figure 15. 
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GAS 
Interfacial 
regIon 
well- mixed 
bulk region 
at CB 
LIQUID 
Figure 15: Penetration and surface renewal theory for the mass transfer from a fluid- fluid 
interface into a liquid (Seader and Henley, 1998) 
Within the interfacial region Boussinesq eddies occur that, during a cycle 
1. move from the bulk to the interface, 
2. stay at the interface for a short, fixed period of time during which they remain 
static so that molecular diffusion takes place normal to the interface; and 
3. leave the interface to mix with the bulk stream. 
When one eddy moves to the interface, it replaces another static eddy. Thus, eddies are 
both stagnant and moving, and turbulence extends to the surface. 
In the penetration theory, unsteady-state diffusion takes place when the eddy is static. 
This process is governed by Fick's second law, equation 5-7 derived above. The 
boundary conditions are 
cA = CAb att = 0 for 0 ::; z ::; 00; 
cA =cAiatz =ofort >0; 
and CA = CAb at z = 00 for t >0 
Thus the average mass transfer flux of A in the absence of bulk flow is, 
NA = 2~DAlmc (C Ai -CAb) 
In which the mass transfer coefficient is, as defined by the penetration theory 
(5-10) 
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(5-11) 
For bubbles, the contact time, te, is defined as the ratio of the bubble diameter, 2Rs, over 
the rising bubble velocity, VB' 
5.2 Higbie's penetration theory applied to metal sulphide 
precipitation 
Higbie's theory has been applied to precipitation of metal from sulphate solutions by 
HzS(g) (Mishra and Kapoor, 1978 and Oktaybas et aL, 1994). The overall metal sulphide 
preCIpItatIon reaCtion, 
(5-12) 
consists of the following steps 
1. absotption of HzS by the gas-liquid interface 
2. diffusion of HzS to the reaction zone 
3. diffusion of the metal ion to the reaction zone 
4. reaction at the reaction zone 
5. precipitation of reaction products from the reaction zone 
It has been found that the diffusion steps (2 and 3) are rate limiting (Mishra and Kapoor, 
1978). Thus, Higbie's penetration theory for the rate of metal sulphide precipitation can 
be expressed as 
(5-13) 
where A, is the interfacial area, V is the volume of the liquid phase, C~eso4 is the 
concentration of the metal sulphate with time during the reaction and C~ 2S the 
interfacial concentration of HzS (18.18kg/m3) (Oktaybas et aL, 1994). Thus, by 
integrating we obtain 
(5-14) 
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[
18.18 + C~eso J The slope, k, of the graph drawn with In 0 4 vs time, t, yields 
18.18 + C MeSO 
4 
k= Ab k V c (5-15) 
where 
Ab = 
TmR~h (5-16) 
VB 
where n is the number of bubbles/ s, ~ the radius of the bubble and VB its nsmg 
velocity, and h the height of the liquid phase. The rising bubble velocity is, 
(5-17) 
with g being acceleration due to gravity. 
The contact time, tc ' of the volume of liquid that the bubble is exposed to before being 
renewed by a new volume of liquid from the bulk solution, according to the surface 
renewal theory, is 
2RB t =---
c V 
B 
Substituting the expressions for VB and tc into equation 5-11 yields 
[ J
l!4 
kc = O.82~DH2S :B 
(5-18) 
(5-19) 
In this study gaseous sulphide will be used to precipitate nickel from a sulphate solution. 
Figure 16 shows the dissolution and speciation of H 2S(g) and the subsequent almost 
instantaneous reaction of the bisulphide ion with the nickel ion in solution. 
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Compusition= 
9C% !\,(g) 
10%H,S(g) 
SOLUTION 
Speciation; 
H,S(aq) .. H'(aq) + [IS (aq) "" lH'(aq) +5" (aq) 
NiS(\ (aq) "" Ni'+ + sot 
R.:action; 
Ni" +IIS-_~iS +H+ 
Fi~ure 16: Schematic of the diffusion oi gaseous hydrogen sulphide into solution, 
followed by spec iation of H,S(g) and reanion «1m Ni'+ 
In this ,rudy Higbite\ dlctlty is appli ed to metal ,ulphidoo preClpllatlOn and u.s~d to 
detenninc k_ Jnd thm qUJIltify the nne of diffusion of H,S{g) imo ,o\uUon through th", 
tollmving ~qualion 
- N, ( ) II =-=k,c. , - c ... , (5-20) 
wh"r~ II is the rale of ~bsorpcion of H,S(g) into <Glution pe r unil im:erlacil l arc. and t is 
Ilk time taken for olle bubbk to trawl the length oi the bubble column, 
As llx:kd sulphide precipil'.reS, protons are released occording to re"-ction .~-2 1 
No. + HS- ---; NiS + I [- (5-21) 
after ab,orption .md spcci~(ion as shmvll in Figure 16 above. 111US the solutiol1 becomes 
nlOIT acid ic as the reaction pro~resscs. TIle sulphide species i. predominantly H,S(~q) ~t 
low pH values ~nd thcrefo re reaction is no longer possibk. l\lk..l1in ity (NaOI D is 
supplied as a tool to driw ,ulphi<."k sJlCciation to,,-anls the iOlmation of HS ions so tlw 
the reKtion continues. nle h,uroxi& ion, COl1Snn-.e protons gencnu:cd by the 
precipitation reaction (S-21) and those ITbscd by dissociation of H,S, allowing more 
sulphide to enter so lntion and s""ciate to iorm HS·. which on ITact with nick,,), 
Al-Tarazi et al (2C'~4) rllOddkd the precipitation of metal ,ulphide, using g.lseous 
h,unlj;en sulphide and pre,ellled Results for the silllultancollS precipitation of eu and 
Zn The rate of H,S(~) ~a" flm: from the bubble imo solmion """5 rru.-.delled 115in~ 
Higbie's PctlCrnltion n,eory. 'lhe mam.,matic.l mod,,] showed that thc me of 
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precipitation of the metals was fully controlled by the mass transfer of HzS(g). The model 
does not predict a threshold pH below which precipitation does not occur for nickel, as 
demonstrated in this work. Although the model predicted higher precipitation rates at 
higher pH values, the information supplied does not encompass the discontinuation of 
precipitation of Ni from solution at pH values below 3 and therefore is not applicable to 
this system. 
This chapter described the theory and presented detailed equations behind the gas-liquid 
precipitation of Ni in solution using H2S(g). It emphasised the use of Higbie's 
Penetration Theory to determine the flux of H2S(g) from the bubble into the reaction 
solution, which can then be used to calculate the rate of supersaturation generation. The 
release of protons by the speciation of aqueous H2S and the reaction of HS- with metal 
ions was highlighted in this chapter and this leads to the assumption that an alkaline 
source may be required to maintain the correct balance of bisulphide ions. 
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6. Materials and Methods 
This chapter describes the solutions prepared and the analytical techniques used, the 
experimental apparatus for both batch aqueous and semi-batch gaseous runs and the 
details of experiments carried out for each reactor set-up. Experiments were carried out 
in the gaseous semi-batch column using a synthetic nickel sulphate solution and a 
reduction end solution obtained from industry. The details of modelling of the reaction 
system carried out using OLI Stream System Analyzer 2.0 are presented. 
6.1 Solutions 
All reagents (NiS04.6H20, NaOH, Na2S.9H20) used in this investigation were analytical 
grade Merck chemicals. 
Nickel sulphate (NiS04.6H20) and sodium sulphide (Na2S.9H20) stock solutions were 
prepared to concentrations of 2g/L Ni2+ and O.5moVL Na2S with oxygen free water. The 
oxygen free water was prepared by boiling distilled water for 20 minutes and then 
sparging with N2 for a further 20 minutes during cooling to exclude any O2 dissolved in 
the water. 
NaOH solutions of various concentrations were made up using distilled water. 
The reduction end solution (RES) was obtained from Impala Platinum Refineries and 
contained 1.5g/L Ni2+ and 200rng/L Co2+. The heavy metals were present as ammonium 
sulphate complexes e.g. Ni(NH3)nS04' 
For determining the sulphide concentration in the reactor the following specialised 
reagents were required. Zinc acetate solution was prepared to a concentration of 10.4g/L 
using deionised H20. Ferric chloride and N,N-dimethyl-p-phenylene diamine 
hydrochloride (DMPD) were made up to concentrations of 16g/L and 4g/L respectively 
in 6 molar HO, using oxygen free water and 32% HO. 
6.2 Analytical Techniques 
Total free sulphide (H2S(aq), HS-, S2-) in solution was determined usmg an 
spectrophotometric method based on the reaction of sulphide with p- phenylene diamine 
(Methylene blue method). The assay is only accurate to concentrations of 1.50rng/L; 
therefore dilutions of samples were made. A volume of sample, usually 15 - 50f.lL, was 
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transferred to a test tube containing 200flL of zinc acetate. The zinc acetate reacted -with 
any sulphide species present in the sample to form zinc sulphide. The volume was made 
up to 5mL by addition of oxygen free distilled water. 500flL of DMPD solution followed 
by 500flL of ferric chloride solution were added to the sample. The sample was mixed 
and allowed to react completely, about 5 minutes. The addition of the two highly acidic 
reagents caused dissolution of the zinc sulphide. The low pH of the sample ensured that 
all sulphide liberated from the zinc sulphide was present as H2S(aq) which reacted -with 
DMPD to form the thiazine dye (methylene blue). The reaction is catalysed -with ferric 
chloride. The concentration of sulphide was determined using a Spectroquant® Nova 60. 
pH was measured -with a Hanna pH 211 microprocessor and a HI 1332 pH probe. 
Aqueous metal concentrations were determined using the Varian SpectrAA-30 atomic 
absorption spectrophotometer (AAS). Prior to AAS analysis, the liquid sample was 
filtered through 0.451lm nylon filters (Millipore). 
Particle size distributions PSDs were measured using the Malvern Mastersizer® and the 
Beckman Coulter® Counter. 
Zeta potentials were measured using the Malvern ZetaSizer® . 
Settling efficiency was measured using Imhoff settling cones. 
6.3 Reactors 
6.3.1 Batch Reactor 
The batch reactor configuration is shown in Figure 17. The reactor was a 1L closed glass 
vessel kept as airtight as possible using vacuum grease to seal any potential leaks where 
H2S(g) evolved during reaction could escape to the outside air, thus ensuring that the 
H2S(g) was captured in the NaOH sulphide trap. It was filled to a volume of 750ml for 
experimental runs to prevent overflow of solution during mixing. The mixing was 
effected by a Rushton impeller, 0.045m in diameter, suspended approximately one third 
of the reactor length above the bottom of the reactor. The impeller speed was kept 
constant for all experiments at 330rpm and the impeller diameter was 0.04m. The pH 
meter was suspended as close to the impeller as possible in order to record the pH of the 
well-mixed solution. Samples were taken from as close to the impeller as possible. 
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O.l05rn NaOHtrap 
Figure 17: Batch reactor using aqueous sulphide to precipitate N?+ 
6.3.2 Bubble Column 
A schematic diagram of the experimental apparatus used to test the effects of a gaseous 
sulphide source and various NaOH concentrations on the precipitation process is shovm 
in Figure 18. The reactor was charged with 750ml NiS04 solution with a concentration 
equivalent to 200ppm N?+. NaOH was pumped in at a constant rate of 4.46ml/ minute 
using a Watson Marlow 505S pump, through Notprene® MasterFlex® 6402-16 tubing. 
An aquarium airstone with a diameter of 0.025m was used to sparge the H2S(g) into the 
reactor. The reactor was sealed, and therefore any unreacted H2S(g) was collected in the 
NaOH sulphide trap. The flowrate of the H2S(g) was adjusted using a TIV Tokyo Keiso 
rotameter with a range from 0 to l.OLI min. l/S" steel tubing was used to convey the 
H2S(g) gas from the supply tank to the reactor in order to fulfil safety obligations. The 
flux values of the H2S(g) entering the reaction solution were between 8.38-1.05 X 10-10 
rnI s. pH was recorded at the top and bottom of the bubble column. Samples were taken 
at the top of the column. 
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Figure 18: Semi-batch bubble column using HzS(g) to precipitate N?+ 
6.4 Experimental Design 
6.4.1 Batch Aqueous Experiments 
The desired initial concentration of metal reagent was 200ppm Niz+ for all experiments. 
This concentration was obtained by adding a volume of stock NiS04 solution to distilled 
water to make up 750m! of reagent. Prior to all reactions the actual concentration (ppm) 
of N?+ in solution used for the experimental run was determined by AAS. 
In the batch system the sulphide source was provided as aqueous NazS. From the stock 
solution of O.5M NazS specific volumes of the aqueous sulphide reagent were extracted 
to react with Ni2+ at the molar ratios of Ni: S displayed in Tables 4 and 5. 
The batch reactor was charged with 750m! NiS04 solution with a concentration 
equivalent to ±200 ppm Ni2+ to which the sulphide reagent was "slug-dosed" using an 
"Eppendorf" pipette according to the desired Ni:S ratio. Thus, a single dose of sulphide 
was injected as fast as possible to the reactor at the start of the run only and then sealed. 
The mixing rate was kept constant at 330rpm for the duration of the experimental run. 
Samples (5m!) were withdrawn at 30s, 2, 5, 10, 15 and 20 minutes after the sulphide 
addition and immediately filtered through a 0.45JLIll nylon membrane filter. pH readings 
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and samples for sulphide analysis were taken at these times. Filtered samples were sent 
for AAS analysis to determine Ni2+ concentrations. 
Two cases were tested in the batch reactor using an aqueous sulphide reagent - the effect 
of individual sulphide species, specifically H2S(aq) and HS-, and the effect of varying the 
ratio of sulphide to metal on the precipitation reaction. Experiments were repeated in 
triplicate to decrease the experimental error. 
6.4.1.1. Control of the sulphide species available for reaction 
In these batch experiments the initial pH of the sulphide reagent added to the reactor 
was adjusted such that only a single sulphide species was present at each pH tested 
(Table 4). The concentration of sulphide reagent was measured after pH adjustment 
to determine any loss of H2S(g) and if so the volume of sulphide added was adjusted 
to maintain the desired stoichiometry. These experiments were based on the pH 
dependent sulphide speciation equations (1-1 and 1-2), discussed in dIapter 3, and 
their respective reaction constants'~. 
Table 4: Details of batch experiments with aqueous sulphide to determine the effect of 
individual sulphide species on nickel removal 
pHi H 2S( aq), HS-, S2- ,:-
[Ni2+]: [Ni2+] [Sulphide] 
Run (Initial pH of (theoretical sulphide (ratio of (mg/L) 
Na2S(aq)) species available for reagents) 
reaction) 
B01 11.95 
(unadjusted) HS- 1: 1 20LlO 
B02 9.88 HS- 1: 1 215,45 
B03 424 as(aq) 1: 1 238.95 
'~based on pKj = 6.99 Gackson, 1986) pK2 = 17.4 (Midgisov et al., 2001) 
6.4.1.2. Molar ratio of Ni:S 
Various Ni:S molar ratios were tested (Table 5) to ascertain the effect of excess or 
limiting sulphide reagent on the precipitation reaction because during batch 
experimentation with low alkalinity flowrates, a dissolution phenomenon was 
encountered when excess sulphide was present in solution. These batch experiments 
with varying sulphide dosage were designed to further study the dissolution effect. 
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The stoichiometric ratio of nickel to sulphide was used for comparison with the non-
stoichiometric reagent ratios. 
Table 5: Details of batch experiments to determine the effect of metal to sulphide ratio 
on nickel removal by batch aqueous sulphide 
Run 
[Ni2+]: [Sulphide] [Ni2+] 
(ratio of reagents) (mg/L) 
B04 1: 0.5 198.2 
BOl 1: 1.0 201.1 
BOS 1: 1.5 206.8 
B06 1: 2.0 179.8 
6.4.2 Semi-batch gaseous experiments 
Bubble column experiments were conducted to study the efficiency of N?+ removal with 
varying alkalinity by adjusting the NaOH and HzS(g) flowrates to the reactor. 
The bubble column reactor was charged with 750ml NiS04 (200ppm Niz+) through 
which the gaseous sulphide reagent as a 90: 10% mixture of N/HzS(g) was bubbled. 
Thus precipitation was carried out in a semi-batch manner. The N/H2S(g) mixture was 
bubbled into the reactor through a gas disperser fitted to its bottom Samples (5ml) were 
taken at 0, 1, 2 minutes and every two minutes afterwards for the 40 minute duration of 
the run. The samples of reaction solution were filtered and sent for AAS analysis to 
determine the nickel ion concentration during reaction (Table 6 and Table 7). pH 
readings and duplicate or triplicate sulphide samples were taken at these times as well. 
The concentration of sulphide in the NaOH sulphide trap was monitored throughout the 
run to quantify unreacted and thus wasted sulphide reagent. 
Fresh NaOH solutions were made up for each run in the bubble column. NaOH(aq) of 
various concentrations were made up using distilled water. These concentrations were 
determined from the desired rate of NaOH(aq) addition to the gaseous column, which 
varied between 0.100 and 2.23 mmoVmin as shown in Table 6 and Table 7. 
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6.4.2.1. Low alkalinity (NaOH) concentrations 
Experiments were run to detennine the effect of a continuous supply of low 
concentrations of alkalinity on the removal of nickel when a gaseous sulphide source 
was employed for NiS precipitation. The molar flowrates of H2S(g) were at least an 
order of magnitude greater than those of NaOH The experiments that were run are 
listed in Table 6. 
Table 6: Details of experiments to detennine the effect of using low NaOH flowrates on 
removal of Ni2+ by serni-batch gaseous sulphide precipitation 
NaOH 
N2/H2S{g} mixture [H2S{g)] [Ni2+] [NaOH]: 
Run 
[10% as{g}; 90%N2] [Sulphide] 
L01 
L02 
L03 
L04 
L05 
L06 
{mmoVrnin} {L/rnin} {mmoVrnin} {mg/L} {ratio of 
reagents} 
0.100 0.2 0.893 206.9 0.11: 1 
0.100 0.6 2.68 195.7 0.037: 1 
0.200 0.8 3.57 210.1 0.056: 1 
0.150 0.8 3.57 196.8 0.042:1 
0.100 0.8 3.57 210.4 0.028:1 
0 0.8 3.57 210.6 
Experiment LOS was repeated in triplicate to detennine the experimental error 
representative of this section of experiments (Appendix B). 
6.4.2.2. Higher alkalinity (NaOH) concentrations 
Higher concentrations of alkalinity were employed thus the ratios of molar flowrates 
of NaOH to H2S(g) are of the same order of magnitude or one order less but not any 
lower. 
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Table 7: Details of experiments using higher NaOH flowrates to determine effect on 
removal of N?+ by semi-batch gaseous sulphide precipitation 
NaOH 
NzIHzS(g) [HzS(g)] [Niz+] [NaOH]: [10% I--l2S(g); 90%Nz] [Sulphide] Run 
(mmoVrnin) (L/rnin) (mmoVrnin) (mg/L) (ratio of 
reagents) 
TOl 2.23 0.8 3.57 215.5 0.62:1 
T02 2.23 0.5 2.23 217.4 1.0:1 
T03 2.23 0.3 1.34 210.5 1.7:1 
T04 2.23 0.1 0.446 208.9 5.0:1 
T05 1.75 0.8 3.57 182.6 0.49:1 
T06 1.75 0.5 2.23 183.2 0.78:1 
T07 1.75 0.3 1.34 217.0 1.3:1 
T08 1.75 0.1 0.446 199.7 3.9:1 
T09 1.20 0.3 1.34 197.7 0.90:1 
TI0 1.20 0.2 0.893 217.4 1.3:1 
Tll 1.20 0.1 0.446 217.1 2.7:1 
Experiment T05 was repeated in duplicate to determine the experimental error 
representative of this section of experiments (Appendix B). 
6.4.2.3. RES experiments 
Semi-batch experiments were run in the bubble column using RES obtained from a 
nickel refinery. The sampling and analyses were the same as for the previous set of 
expenrnents. 
This solution varied significantly from the synthetic nickel reagent used in previous 
bubble column experiments. RES is an nickel ammonium sulphate solution, 
Ni(NH3)nS04 thus the alkaline source was complexed with the nickel. The ammonium 
ion acts as a buffer to the pH drop that occurs upon precipitation of NiS. The 
precipitation of nickel from RES was modelled in OLI (15 April 2007) and the final pH 
was 4.85 whereas that of the synthetic NiS04 solution was pH 2.29. The higher final pH 
of the RES after complete precipitation of nickel compared with the synthetic solution 
final pH indicates that the system was buffered. 
The RES also differed because the concentration of Ni2+ (1.5g/L) was much higher and 
due to the presence of a significant amount of Coz+ (O.5g/L). Thus experiments involved 
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diluting the RES so that the nickel concentration was similar to that used in previous 
experiments (200ppm). The dilution factor was between 6 and 6.5. 
These experiments tested what was shown in the synthetic system; that NaOH is 
necessary to facilitate reaction despite the alkalinity provided as the ammonium complex 
of the RES. 
Table 8: Details of semi-batch gaseous experiments using RES diluted by 1 in 6-6.5 
N2/H2S(g} [H2S(g}] [Ni2+] [0>2+] [NaOH] Run [10% as(g); 90%N2] 
(L/rnin) (mmoVrnin) (mg/L) (mg/L) (mmoVrnin) 
RES01 0.3 1.34 225.6 25.40 0 
RES02 0.3 1.34 252.2 24.35 1.20 
Alkalinity measurements to determine the buffering capacity of the diluted RES were 
carried out by titrating with 0.02N H2S04 and measuring the pH change with the volume 
of acid added. The calculation to determine the alkalinity, as CaCO) equivalents, is shown 
below 
Alkalinity = (volume of 0.02 N H2S04) X 10 X (1001 dil. RES sample volume) (6-1) 
6.4.3 Modelling 
Modelling was carried out using the OLI Stream System Analyzer 2.0 (OLI© 2006) for 
the batch and a selection of semi-batch experiments in order to compare the purely 
thermodynamic model results with those obtained experimentally, when kinetic 
parameters were significant. The OLI modelling software has an extensive database 
containing all possible reactions. From this the most likely thermodynamically occurring 
reactions are selected. No specification of reactions occurring is necessary by the user. 
OLI utilises a thermodynamic formulation to calculate Gibbs Free Energy, enthalpy, 
entropy, heat capacity and volume based on the calculation of the standard state terms 
(Go,H', So, Cpo and Va) using the framework of Helgeson and co-workers, and the 
frameworks of Bromley, Zemaitis, Pitzer and Debye-Huckel to calculate the excess terms 
(GE,ff, SE, CpE and VE) (http://support.olisystems.comiDocuments/Manuals/). 
G =GO+GE 1 1 1 
H=H'+ff 
(6-2) 
(6-3) 
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S = So + SE 
Cp=Cp0+CpE 
y=yo+yE 
(6-4) 
(6-5) 
(6-6) 
OLI, through the Helgeson thermodynamic framework can predict individual GO for any 
species, i, in water and thus predict any equilibrium constant. In addition, OLI can 
consider, simultaneously, the formation of any solids that might precipitate, the 
formation of a gas phase and a second, non-aqueous liquid phase. Thus, OLI was useful 
in modelling the precipitation of NiS using both aqueous (NazS) and gaseous sulphide 
sources (H2S(g)) and considered the thermodynamic possibility of other precipitates such 
as Ni(OH)2' 
Nickel precipitation efficiency, determined by Niz+ remaining in solution, and the final 
pH values for the slug-dosed batch experiments were simply modelled in OLI by 
inpuning the initial concentrations of NiS04 and Na2S reagents experimentally used. 
Pseudo-kinetic modelling was carried out in OLI for the semi-batch experiments using a 
high NaOH concentration (2.23mmo1/ min), to facilitate precipitation, at varying H2S(g) 
flowrates (0.1; 0.3; 0.5; 0.81/ min) (Table 9). The concentrations of NaOH and H2S(g) 
were input at 20s intervals, based on their flowrates, until the nickel ions in solution were 
depleted. The entire initial 200ppm Niz+ as NiS04 solution was input initially and 
updated at every 20s time interval. Thus, the % nickel removal and pH after every 20s of 
reaction was determined. 
Table 9: Values of H2S(g) and NaOH input for pseudo-kinetic thermodynamic modelling 
of the precipitation of nickel sulphide when HzS(g) = 0.8L/ min and NaOH = 2.23 
mmo1/ min carried out in OLI Stream Analyzer 
time NaOH H:S(g) 
(min) (seconds) mmol mmol 
0 0 0 0 
0.33 20 1.32 2.12 
0.67 40 2.64 4.23 
1.00 60 3.96 6.35 
1.33 80 5.28 8.47 
1.67 100 6.60 10.6 
2.00 120 7.93 12.7 
2.33 140 9.25 14.8 
2.67 160 10.6 16.9 
3.00 180 11.9 19.0 
3.33 200 13.2 21.2 
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This chapter provided a comprehensive description of batch and bubble column 
reactors. The initial batch experiments were designed to confirm that H2S(aq) ion was 
not capable of precipitating nickel. This was achieved by manipulating the pH of the 
sulphide reagent to control speciation. The effect of changes to the molar ratio of Ni:S 
was tested in the batch system, to test the phenomenon of formation of the polysulphide 
complex formation in the presence of excel bisulphide, which was observed in the 
bubble column. The semi-batch bubble column was operated under three sets of 
conditions; in the absence of added alkalinity and with the addition of a dilute or more 
concentrated NaOH stream at a constant flow rate. In addition, under both conditions 
the H2S(g) flowrate was varied between 0.1 - 0.8 L/ min. After these experiments, the 
precipitation of nickel from diluted RES was tested in order to ascertain the applicability 
of laboratory data to real world process stream. OLI modeling of the synthetic NiS04 
system is used to compare thermodynamic modeled values and experimentally 
determined kinetics results. 
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7. Experimental results and discussion 
7.1. Batell results 
The pH probe was placed and ,ample, \H:re tahn in till' w..Ii-mixed region. 111 close 
pr(JXlmit}' to tI", impdk~, to ensure thaL the teacunn was monitored in a region ",h"Ic 
COllCenLhlL10n gradimt, were rcd ~ccd. Tl,U>. the sample "'OS repre"enlaU\"" of a re,-:ion 
whe,-" .eli,·c precipltation was OCCllttl1lg. I'igu,-c 10 shu'''' tlitblllcn! di"ip.uon l'ncrgy in 
"balCh ,."a,lot ",j , [, t'Wo fl·.·d suc.ms placed dose to the Ru,,)\101ll1l1pdlct. 'l1u::re i< ,'cry 
high mrbulent dj"'paunn .::nergy ncar ,I", imp..!lcl indicating that there is b".m) mixmg In 
this region. TIlUS, the COllc<::mnlllOll g,",Jicnts in thi, t~'gion ore minimised and till' [oc.l 
<uper"llumnon wou ld L>e apprmamately consLa1ll within the 'ample volume, with ,-e'pe,1 
to di<t.llce 01 time l. Since the "Llphlde w'gcnt wa, lfltr<..du,,,d to the batch fe.ctor close 
to lh,' impeller the sulphide conceiliration, ",ould be th~ high~'t in thj, ,-eg,on :I"d thu, 
local supers:ltumtio!lS would b,' high. 
Turbulent 
disslp.tion 
energy 
Reagent B 
feed POUll 
FiguH' 19: Showing the lugh mrbulent disslpation in the nanity of the unpeller III a b.tch 
reaclor. '111<e~ dim"nsion,1 comput.tional fluid dynamics (CFD) model u,lllg the k-. 
model in l'1.UE"\lT 6.1 (fluent Inc., Lebanon, USA) (\'icum et 01., 2()()4) 
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7.1.1 Varying pHi 
The initial pH displayed on all graphs represents the pH of the starting NlS04 solution 
(200ppm N?+). 
pHi represents the pH of the sulphide precipitating agent added to the NiS04 solution. 
The sulphide solution pH values were adjusted such that predominantly one sulphide 
species was present at each pHi tested. The second dissociation constant which governs 
the pH at which HS- equilibrates with S2- or pK2 is 17.4 (Midgisov et al., 2001), which is 
the most recent value reported. Thus, the major sulphide species present in the 
unadjusted sulphide solution (PH 11.95) was the bisulphide ion (HS} At pHi = 9.88, the 
same species was in the largest concentration (99.86% HS-) within the sulphide solution. 
When pHi was adjusted to 4.24, the HS- ion was no longer the prevalent sulphide species 
(HS- = 0.24%) since pKl = 6.99 Gackson, 1986) and therefore the H2S(aq) species was 
almost exclusively (H2S(aq) = 99.76%) present in solution. 
For B01 (PHi = 11.95) and B02 (PHi = 9.88) ± 5ml of sulphide solution was added to 
the NiS04 to make up 750ml of reacting solution. When pHi was adjusted to a value of 
4.24 (B03) with H2S04, sulphide from the Na2S solution was lost as H2S(g) and as a result 
approximately 60ml of sulphide reagent was required in order to achieve the desired 
molar ratio of Ni:S. The volume of the nickel sulphate solution was decreased 
accordingly, maintaining the same concentration (200ppm Ni2+), so that the total volume 
of B03 remained at 750ml. 
25o,----------------------------------~ 14 
12 
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~OO 
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pH 
6 
+ 4 
~ 50 
2 
------- --. -------- ----- - - - -------------------, 0-J"!=!!:::!!::=~====I!l=====:!F===4-0 
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time (minutes) 
-.... - Ni(aq) cone ---- free sulphides --+- pH 
Figure 20: Nickel sulphide precipitation pHi = 11.59 (unadjusted) showing 
concentrations of nickel ions and free sulphides in solution and solution pH [B01] 
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The precipitation reaction occurred instantaneously, converting the nickel and sulphide 
ions into solid NiS precipitate. Figure 20 shows that after the first sample was taken at 
lOs, the nickel and sulphide present in the reacting solution were simultaneously depleted 
by 94%. These concentrations do not change after lOs which was expected since no 
further sulphide reagent was added. There was ± 11 ppm of nickel remaining in solution 
was due to the formation of polysulphide ions. The expected final pH after complete 
precipitation was 7.04 which is the pH of the mother liquor (Na2SOJ The final pH after 
reaction was higher (PH 8.80) than the expected neutral final pH because H+ ions were 
bound within polysulphide ion complexes such as Ni(HS) +,Ni(HS)2' N12(HS)z+ or 
Ni3(HS)5+. 
The pH increased between the lOs and 1 minute readings although no further reaction 
occurred, as shown by the approximately constant concentrations of Niz+ and free 
sulphides after lOs. The pH at lOs (7.02) was similar to that of the initial NiS04 (200ppm 
Ni2+) solution (PH = 6.88), and significantly lower than the readings taken after this time, 
which were all similar varying slightly between pH 8.80 - 8.91. Therefore, the pH reading 
taken after lOs was most likely inaccurate due to the reaction time of the probe. Thus, 
the pH increase shown as a result of mixing and reaction of the sulphide and nickel 
sulphate solutions was from pH 6.88 to pH 8.80. 
The pH as a result of reaction (PH 8.80) was due to the speciation of sulphide (equation 
7-1) and the precipitation of NiS generating H+ ions (equation5-21); 
(7-1) 
(5-21) 
and the subsequent reaction of the liberated protons with OH ions present in the initial 
sulphide solution (PHi = 11.95). The ± llppm Ni2+ ions which remained in the reaction 
solution account for the relatively high pH post precipitation compared with B02 (final 
pH = 3.95) and B03 (final pH = 4.79). The unreacted Niz+ represents unliberated H+ 
ions (according to equation 5-21) which represent a significant pH change since the 
system is unbuffered. Using the formula for pH (PH = - log[H+] the protons liberated 
from the reaction of 11 ppm of Nih will result in the pH decreasing from 8.80 to a value 
of 6.62, which is comparable to the final pH values obtained from experiments B02 and 
B03 (to follow) in that it is slightly acidic. 
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Figure 21: Nickel sulphide precipitation pHi = 9.88 showing concentrations of nickel 
ions and free sulphides in solution and solution pH [B02] 
For run B02 (Figure 21), the initial concentration of OH ions in the sulphide solution 
was lower than the previous experiment (PHi = 11.95) since some acid was needed to 
reduce the pH to 9.88. Therefore, in this experiment (B02) there are fewer hydroxyl ions 
to neutralise the protons released from generation of NiS according to equation 7-1. 
Thus, the pH after reaction was more acidic for run B02. The pH decreased 
instantaneously as the reaction occurred. The pH value at las was neglected due to the 
time delay of the pH meter, thus the pH decrease was measured as 3.95 after 1 minute. 
The pH then remained acidic for the remainder of the run, decreasing from 3.95 to 3.63 
with time. 
When the pHi was lowered to 9.88 the initial sulphide species present in the sulphide 
solution was predominantly HS- as in the previous experiment (B01), however, the nickel 
and sulphide concentrations in solution were not decreased to the same extent as when 
pHi = 11.95. The pH decrease to acidic values limited the reaction and thus total 
removal of nickel and sulphide was not possible. As protons were released by the 
precipitation reaction the sulphide speciation changed and HzS(aq) formed which does 
not appear to be able to react to form NiS. The nickel concentration decreased to 59% 
of the original 200ppm N?+ concentration indicating incomplete precipitation. The 
sulphide concentration in solution also decreased but this time by 78% due to the 
combined effects of reaction and the release of HzS(g). No further reaction occurred 
after the initial decrease in pH to an acidic value which was maintained for the duration 
of the run and thus the N?+ and sulphide concentrations remained at 88ppm and 24ppm, 
respectively. Jackson (1986) stated that in practice no precipitation of NiS is possible at 
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room temperature from a solution of pID. Hammack et al (1993) state that the 
minimum pH at which precipitation of NiS occurs is 5.5 and that pH = 6.2 is the 
minimum pH necessary to lower the soluble metal concentration to below O.1mg/L. 
This suggests that no precipitation of nickel sulphide was possible with the H2S(aq) 
species. In order to test this, a further experiment was conducted in which the pHi was 
lowered to 4.24. The acidic pH value was chosen such that the sulphide species present 
was predominantly (99.76%) H2S(aq), based on pKJ = 6.99 Gackson, 1986), and was 
below the predicted pH at which NiS precipitation is possible according to Hammack 
(1993). The results of this experiment are shown in the Figure 22. 
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Figure 22: Nickel sulphide precipitation when pHi = 4.24 showing concentrations of 
nickel ions and free sulphides in solution and solution pH [B03] 
The nickel ion concentration in solution remained constant throughout the run despite 
addition of sulphide reagent. 
The pH measured after 1 minute was 4.79, and remained within the acidic region of the 
pH scale varying between pH values of 4.79 - 4.83. The decrease in pH from pH 6.41 -
4.79 was probably instantaneous and was caused by the mixing of the two reagent 
solutions since no significant precipitation of NiS occurred and negligible H+ ions were 
generated. 
The decrease in free sulphide concentration from 109 - 52mg/L was greater than the 
sulphide required for the formation of NiS since negligible reaction occurred. The 
addition of sulphide solution was accompanied the noticeable odour of H2S (g) , and 
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therefore the majority of the sulphide added was lost to the environment as H2S(g) due 
to the acidic pH of the sulphide reagent and the combined reagent solutions. The 
agitation (330 rpm) of the reaction solution contributed significantly to the loss of 
sulphide. 
The increase in pH of the sulphide solution from pHi = 4.24 to 4.79 upon addition to 
the NiS04 reagent solution was due to mixing of the sulphide solution at pH 4.24 and 
the NiS04 solution at pH 6.41. 
The low pH « pH 5.5) prevented the reaction from occurring despite the presence of 
significant concentrations of free sulphide (52 rng/L) and nickel (220.1ppm) in solution 
since the H2S(aq) sulphide species that was present was unable to precipitate nickel. The 
pH of the reaction solution (PH = 4.79) is above the pH = 3 prediction of Jackson 
(1986) below which reaction of NiS cannot take place, but still the reaction did not 
occur. 
The redox potential values are shown in Figure 23 below for the batch experiments 
varying the initial pH of the sulphide reagent. 
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Figure 23: Redox potentials of batch experiments run varying the initial pH of the 
sulphide solution (B01, B02 and B03) 
The oxidation of NiS precipitates was assumed negligible since the redox potentials were 
negative, indicating a reducing environment, for the duration of the batch experiments. 
The increasing redox potential for B03, where the pH of the sulphide solution was 
unadjusted, implies that oxidation occurred, but the negligible change in N?+ 
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concentration (Figure 20) indicates that this is insignificant for the NiS particle surfaces. 
Therefore, it can be assumed that the NiS precipitates do not oxidise and remain stable 
in the reducing environment which is maintained for the duration of the runs. 
The following tables compare the experimental final pH values and percentage nickel 
removal to those modelled using OLI Stream System Analyzer 2.1.4 (November 2005). 
The experimental pH values after 1 minute were very similar to those taken after this 
time and thus were used for comparison. Similarly the nickel concentrations after lOs 
were used for comparative purposes. The final pH values experimentally detennined 
were consistently lower than modelled pH values. The percentage nickel removal values 
were higher than those experimentally obtained, although the differences decreased with 
increased pHi. The modelled sulphide species available at each pHi tested (Appendix A) 
were similar to those experimentally detennined except for the presence of the S2- ion in 
the OLI modelled speciation at alkaline pH values due to the lower pK2 value. 
The OLI Stream System Analyzer 2.1.4 detennined the pH and nickel concentrations at 
thermodynamic equilibrium using the initial experimental nickel and sulphide 
concentrations and sulphide solution pHi. The experimental results include the effect of 
kinetics on the precipitation reaction. 
Experimentally, the pH decreased rapidly due to the release of protons from the NiS 
precipitation reaction (equation 5-21) for runs B02 (PHi = 9.88). The protons released 
were sufficient to consume OH ions introduced in the sulphide solution and present in 
the nickel sulphate reagent solution. When pHi was 11.95, the concentration of hydroxyl 
ions was much higher and the thus the hydrogen ions released do not decrease the pH to 
the extent exhibited by the other run. 
Experimentally, at acidic pH values, i.e. below pH 5, the NiS precipitation reaction no 
longer occurred due to the predominance of the H2S(aq) species, as shown in previous 
batch experiments where pHi = 9.88 (B02) and 4.24 (E03). Therefore, no further 
protons were released because the reaction (equation 5-21) was halted by the deficiency 
of bisulphide ions, and the pH remained constant. At the acidic pH values there was a 
surplus of H+ ions and thus no driving force to generate more HS- ions since it would 
directly contribute to a stoichiometric increase in H+ concentration. 
The OLI model considered only the thermodynamic result and did not include the effect 
of kinetics on the reaction. Therefore, the final pH detennined in OLI was much lower 
since infinite time was given to allow for the nickel to react with the small equilibrium 
concentrations of HS- present in an acidic reacting environment. For example, at pH 4.79 
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there are 1.91 X 10-5 M HS- ions present in solution. Thus, the nickel removal calculated 
from the OLI model were greater than the experimentally determined values (Table 10). 
The modelled final pH after reaction was lower than that experimentally obtained since 
the reaction occurred to a greater extent and thus more H+ ions were generated 
decreasing the pH to below experimentally obtained values (Table 10). 
Table 10: Comparison of experimental and OLI modelled percentage decrease in N?+ 
ions and pH after reaction for nickel sulphide precipitation reactions carried out at 
different pHi values 
Run B01 B02 B03 
Initial pH pHi = 11.59 pHi = 9.88 pHi = 4.24 
Ni2+ Experimental 93.1 42.8 7.3 
removal OLI model 100 74.9 48.4 
Final pH 
Experimental 8.80 4.07 4.70 
OLI model 7.21 2.93 2.64 
7.2. Semi-batch results 
The semi-batch experiments were all run with a synthetic NiS04 solution with a N?+ 
concentration of 200ppm. 
pH measurements were taken from the reactor at the top, where samples were obtained 
to determine nickel and free sulphide concentrations in the solution, and side near the 
bottom, where the NaOH feed entered, and their comparison served as an indication of 
gradients in concentration that were present in the reacting solution. The minor 
differences in the pH values suggested that the solution was well-mixed and that the 
concentration differences of nickel ions and free sulphides were also negligible at the top 
and bottom of the reactor. Thus, a good approximation for the aqueous medium was 
that concentrations change with time and not with position in the reactor, similar to the 
continuously stirred tank reactor CSTR. However, the gaseous concentration of HzS(g) 
within the bubble decreased as the bubble travelled up the column as a result of diffusion 
of sulphide into solution. Thus, the gaseous flow through the reactor can be seen as plug 
flow, with the concentration changing with height in the reactor but not with time 
(Seader and Henley, 1998). 
Figure 24 shows nickel and sulphide concentrations and pH changing with time during 
the run with no pH adjustment through alkalinity addition. It can be seen that when 
HzS(g) was bubbled through the nickel sulphate solution the pH dropped rapidly (within 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
_C_h_aPLre __ f_7_:RE __ S_UL __ TS_AND ____ D_IS_OB __ S_IO_N __________________________________ -67-
1 minute) to an acidic value of 5.53 and then steadily continued decreasing from pH 5.02 
- 4.00 between 2 and 30 minutes. At these acidic pH values the precipitation of nickel 
was negligible, with the nickel concentration decreasing by only lOppm from 209.8 to 
199.8ppm over the 30 minute duration of the experimental run. Jackson (1986) states 
that, kinetically, NiS precipitation at standard conditions does not occur below pH 3. 
Hanunack et al (1993) state that the theoretical lower pH limit for precipitation of Ni2+ 
by gaseous sulphide is 5.8 and at pH 6.2 nickel can be removed to below O.lppm from 
solution. This supports data generated from the batch experiments (section 7.1) which 
indicates that H2S(aq) is unable to precipitate nickel. 
The sulphide concentration increased rapidly between 0 and 6 mmutes as the pH 
decreased from pH 7.43 - 4.62. Mter this, the sulphide concentration increased at a 
slower rate, approaching a saturation concentration at the constant pH = 4 attained in 
the solution. The abundance of protons present in solution at these acidic pH values 
prevented the speciation of the H2S(aq) into HS- and thus NiS precipitation was not 
possible. 
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Figure 24: NiS precipitation in the semi-batch bubble column using H2S(g) (= 0.8L/ min) 
with no addition of alkalinity [L06] 
Therefore, in order to precipitate nickel from solution using H2S(g), the bisulphide ion 
must be made available. This was achieved by shifting the equilibrium speciation of 
H2S(aq) towards HS- (equation 1-1) through manipulation of the pH 
pKl = 6.99 Gackson, 1986) (1-1) 
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Since the pH becomes acidic during reaction (Figure 24), an alkali source was added to 
facilitate the precipitation of NiS. 
In most existing sulphide treatment systems, an alkaline agent such as lime is first added 
to raise the pH to between 6 and 8 after which the sulphide precipitating agent is 
introduced to the system (Hammack et al., 1994). Bhattacharyya (1981) investigated the 
combined effects of (a) sulphide-hydroxide precipitation and (b) sulphide followed by 
lime as precipitating agents. By the addition of lime or hydroxide ions (alkaline sources), 
pH manipulation was possible leading to the complete precipitation of all metals present, 
and further, selective precipitation of metals was possible at different pH values. Bryson 
and Bijsterveld (1991) utilised ammonium sulphide to precipitate manganese and cobalt, 
thus combining the alkali source with the sulphide precipitation agent. Esposito et al 
(2006) make use of independent addition of NaHCD3 as well as sensitive sulphide 
control to precipitate ZnS using Na2S and biogenic sulphide. 
In this study, alkalinity, in the form of NaOH, was supplied to the reactor at a constant 
rate in order to promote the speciation of H2S(aq) towards HS- (equation 1-1), and thus 
facilitate NiS precipitation. The alkali source was provided during, as opposed to prior to, 
the sulphide precipitation and independent of the sulphide source in order to harness the 
speciation of HS- in a controlled manner. Therefore, the effect of various alkali feed rates 
on the rate of nickel removal, efficiency of sulphide usage and precipitate properties 
could be investigated. 
7.2.1. Low alkalinity (NaOH) concentrations 
Low NaOH concentrations were utilised to explore the effect of alkalinity addition on 
the precipitation process shown below in Figure 25. The relative error for experiment 
LOS, representative of the error associated with the low alkalinity runs, is graphically 
shown in Appendix B. 
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Figure 25: Ni.'i precipitation using H,S(g) comparing low NaOH conccmraUolli (0.100, 
0.158 and C_1CCmmoVmin) mcd (0 facilitat" ",,,,,(ioll at diff.,rcnt [!,S(il tloWF.I.tcs (:-.2, 
0.6 and C.RLI min) [Le· 1 - LCSI 
At the same ::\aOH concentration and val}1ng H,S(g) ilowrates (0.2; C.6 and C.8Umin) 
the r,lles of nickel r<:mo,"al fmm solutioll """rc very simil~r, and a, the N~O! I 
concentralx,n illcreased (C.IC'J; C'. ISC· and C.2:)Q mmoLlmm) the rates of ru.::kl rcm::wal 
increased sugg~sting uut Ih" alk1lin ity is contro lli t1?; tk rat~ of pn,cipit~tioll_ For the 
fom...,r ,et of experiment', where NaOH ~ C·.ICCmrru1i min, 98.9% rcn:uval i, achieved 
for H,S(g) - C.6L/ min which wouki he "xpccrcd for H5(~ - C.l and C_sU nlin at lh~ 
s~me alkalinity rate_ 
I k-,"""'~'" compkt" r<:mcNal of Il ickd fmm solutioll "'" not ~ch;",v~d for the runs 
II,S(g) _ O_RUmin ~nd NaO! 1 _ C.I50 ~ndC.200 mmoLimill. Fipm' 25 shows that ;Jt~r 
approximately 93% and 97% nicke l remoVJ.I aT 24 and 26 minutes, respectively, The nickel 
conccmr.llions in , olution u.crea,ed. 1he nickl concentration" peaked and thell 
decreased, flueruating, 50 thal complete rem::",al of nickel did not o<:cur at tl", end of tk 
lUIl_ The ",introductiOIl of nickel into solutioll ~ugg~st.s thaI dissolution of prccipitates 
occurred. TIle simuiIancou" although slight, decreased sulphide concentration impl~" 
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that dissolution occurred by the formation of polysulphide complexes. However, the 
decreased sulphide concentrations were small compared to the concentrations present in 
solution since the sulphide flowrate was constant. The same phenomenon of 
redissolution of metal sulphide precipitates in the presence of excess sulphide was 
observed by van Hille et al (2005) when copper precipitation was carried out in a 
fluidised bed reactor using Na2S. The concentration of free sulphides in solution 
decreased as the copper concentration increased, and, hence, removal of metal via 
sulphide precipitation was compromised. 
The concentrations of sulphide in solution were very high during reaCtion, ranging 
between 150 - 275ppm as NaOH and H2S(g) flowrates increased, leading to wastage of 
sulphide reagent within the reaction solution. Associated disadvantages of excess 
sulphide within the mother liquor after precipitation include odour problems and 
recycling difficulties. Wastage of sulphide was also apparent in the large quantities of 
unabsorbed, unreacted sulphide present in the NaOH sulphide trap. 
The sulphide concentrations increased rapidly and then remained constant, fluctuating 
slightly during nickel removal. A constant pH was maintained during reaction resulting 
from the equilibrium established between the rates of metal precipitation and NaOH 
addition. The sulphide concentration levelled off because the solution became saturated 
with H2S(aq) at the stable, acidic pH maintained during reaction, and thus no further 
sulphide accumulated in solution. 
After the initial decrease in pH, the pH during the reaction was acidic pH (3.35 - 3.60). 
Around the region of the alkalinity entry point into the reactor local volume elements of 
higher pH occurred. However, since the rate of reaction was greater than the rate of 
macromixing, global acidic pH values were recorded and the pH values at the top and 
the bottom of the reactor were equivalent. When H2S(g) = O.2L/ min the decrease in pH 
was slower than for the higher H2S(g) flowrates since there were fewer protons generated 
by the precipitation reaction. 
The constant acidic pH at which the reaction occurred allowed for only H2S(aq) species 
to persist in solution, with HS- ions provided solely by the alkalinity supplied. The acidic 
pH shown was a global effect resulting from the instantaneous speciation of H2S(aq) to 
HS- (equation 1-1), facilitated by the alkalinity, followed by the instantaneous reaction of 
Ni2+ and HS- to form NiS, generating protons (equation 5-21) which reduced the pH 
Thus, the alkalinity added to the reactor was insufficient to raise the pH above acidic 
values during reaction but did facilitate the reaction, by promoting speciation of a 
portion of sulphide to HS-, which kept the pH acidic due to the generation of protons 
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from NiS precipitation. The alkalinity was used to neutralise the protons released by 
speciation and not those released during reaction. Jandova et al (2004) used slow, 
controlled addition of aqueous (~)2S to enable efficient selective precipitation of 
copper at pH =1 and nickel and cobalt at pH = 3.0. Jandova et al (2004) supplied the 
bisulphide ions to the reactor and precipitation was faster than speciation of bisulphide 
into HzS(aq) which would have occurred since the reaction solution had an acidic pH In 
this study, as described above, the sulphide was speciated to HS- within the reactor due 
to addition of NaOH and not supplied as bisulphide ions as with Jandova et al. (2004). 
An increased sulphide concentration was noted after nickel sulphide precipitation was 
complete, despite the dissolution of precipitates. The sulphide concentration in solution 
increased as a result of the increasing pH due to speciation of H2S(aq) to HS- (equation 
1-1). Thus, further sulphide accumulated in solution as the HS- species since during 
reaction the solution was already saturated with HzS(aq). 
7.2.2 Varying the Ni:S molar ratio 
The following experimental results show the effect of varying the ratio of the nickel to 
sulphide ion concentrations, demonstrating the dissolution of NiS precipitates when 
excess sulphide ion was present in solution at neutral to alkaline pH values. Synthetic 
NiS04 solution was used with a concentration of 200ppm Ni2+ (Figure 26). The 
proposed mechanism for dissolution is the formation of aqueous polysulphide ions 
complexed to the NiS precipitate molecules. Luther et al (1996) reported on stable 
polysulphide complexes of various heavy metals including nickel. The proposed 
complexes of nickel are NiS(HS) ~- ,NiS(HS) ~- and NiS(HS) ~- analogous to those of copper 
(CuS(HS) :- CuS(HS) ~- CuS(HS) - ) and it follows that the mechanisms would then also be 
similar (Shea and Helz, 1988). The existence of these nickel polysulphide complexes has 
not been confirmed by molecular experimental data since species such as MS(HS) ~- is 
indistinguishable from 1\S6. The latter structure has been experimentally confirmed. The 
reaction stoichiometry suggests this type of complex may be forming, for which Ni4S6 
may be a maturation product (Luther et aI, 1996). 
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Figure 26: Nickel and sulphide concentrations (mg/L) for batch precipitation of nickel 
from NiS04 using NazS using varying ratios of Ni:S [B04, B01, BOS and B06] closed 
symbols = nickel, open symbols = sulphide 
Table 11: pH after batch precipitation of nickel from NiS04 using NazS for various ratios 
ofNi:S 
Run Ratio Ni:S Initial Ni
2+ pH after reaction (ppm) 
B04 1:0.5 198.2 8.27 ± 0.02 
B01 1:1.0 201.1 8.86 ± 0.05 
B05 1:1.5 206.7 11.23 ± 0.05 
B06 1:20 179.5 11.47 ± 0.04 
When Ni:S = 1:1 (B01), the sulphide and nickel concentratIons m solution were 
completely depleted owing to the formation of NiS precipitate. When the Ni:S was 1:0.5 
(B04) the sulphide concentration was completely depleted upon reaction but nickel ions 
remained in solution because there was insufficient sulphide to precipitate the nickel ions 
completely. The final pH values obtained after reaction for experiments where NiS 
1:0.5 and 1:1 were approximately 8.27 and 8.86, respectively. 
When the ratio of Ni:S was increased to 1:1.5 (BOS) and 1:2 (B06) , the sulphide 
concentrations were initially depleted to the stoichiometric requirement for the reacted 
nickel, but then, as the runs progressed, continued decreasing although no further 
reagents were added to the solutions. Initially, the nickel ions in solution for both regent 
ratios were completely precipitated as NiS and thus were no longer present in solution. 
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However, as me runs continued th~ nickel conc~ntracions increased steadily up to 71 ami 
51mg/L a( 28 minutes for:\i:S _ 1:15 and 1:2, re"f""Ct;v. ly. 'Ibis i, eqlllYakm to 34% 
and 28% of the initial nickd ,mlm;on, 1be pH value, for Ihe," rum wen: 11.23 and 11.47 
for Ni:S - 1:1.5 and 1:2, respectivcly, whicb ~re more alkaline vail"" th~n Ni:S _ 05: 1 
(1104) anJ 1:1 (1101). 
Dlirini/. run' ROS (Ni:S _ 1:15) and R06 (Ni:S _ 1:2) thl: nickel ions in ,o lu tion incn:,,,,,J 
while the sulphide iom in w llllion Jec reased wilh lime, TItis evi<i~nce suggests thoU when 
th~rc is cx,css bisulphid~ in 'olution there is dissolution of nickel ,mlph.id. p,.cipitat. , by 
1m, formation of polpuJphiJe compkxes, The st<mi-b,nch data shows tha! H5(~q} can 
b..; present at a concentration of 200ppm "itbollt affectinl/. the "tability of tb . NiS 
pl.cipitat. ;., il ,,-ill not dissolve in H,S("q}, 1be pH vallie' of these solutions after 
reaction w~re abo\T pH 7 ~tld thus th~ formation of stable nic k..: l p"lpulphide 
complexes wilh Ih. bisulphid. ion "01; p""ibl", (Luthecel aL, 1996), 
Empirical evidencc is suppli . d in Figure 27 and Figur. 28, which show th. filtrate aft. c 
tm, re,lClion solution W,lS filtered through a Q,22Jlm filler. The opacity of th~ filtra\<; 
incrcJsed "ith incI-"a,inl/. time during the run for both B05 (Ni:S _ 1:1.5) and 1106 ~l:S 
_ 1:2), thus indicating that panicle sizes decreased to at bst below 0.22/Lm as the run 
pJUgressed. 111~ incn: .... in [iltr,lle op~city during the run aho .m~"'ls thaI Ihe 
p:>ly,ulphide io", formed were black. The inilial NiSO, s)lllbetic solution bdon; 
sulphid~ ~ddition is represcnted bysampk i. 
F'''l!3~ 
, """""'-'.*:~ ' 
lmin 2min Smin 10min 15min 20min 
Figur. 27: Ni:S - 1:1.5 [B05] shov;in~ the mCTe,lSml/. filtrat~ op,lCity,,~th tim" after inil~u 
"ddiliotl of re,'l/.ent., 
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lmin lmin 5mm lOmm 15min lOmin 
Figul'" 28: Ni,S _ 1:2 [B86] shov.ing the incre .. ,;n!?, filtr~l~ op~cjty with tin-.. afler inili.d 
"Jdilion of wagen", 
Met.li sulphides usually form neptively ch~rged Iynphobi.c colloid, (the ch;lI'ge on the 
disper.;ion is CU!l.<I<lTIl), wrrocd suls lJacksun, 1986). Figure 29 shuv., scnl.lbilitydaw of 
:\is precipitates formed .IS soon.s poss ibJ., .frer mixing (minirrul com"a ti~ benveen 
the nickel ,md ,ulphi<;k re~gen(5), XO ,,,tding ""J' "Fpare"t for Ni:S - 1:1.5 (B05) and 1:1 
(806) up tu 8 hours after 28 minutes of mixing_ It 1l1~y be that settling of ~ p:),tion of the 
precipit.>le, occurred before thi, time, but this could not be observed due to the upacity 
uJ the solution. U,lllplCIC wtding waS \~sibk after approximJteiy 1 week Thus, the 
presence uf excess sulphides incre.sed the setcling time when the mixing time of the two 
reagents W.5 long. When the sulphide ,,-'" supplied in excess (B:5 and Be)6), the 
sup;:!'S,uuratiun of the Sy~lCm ulcre.sed resulting in the fornution of precipit~te, of 
sn1;l.11er "iu" (SOhnel Jnd Gar.;ide, 1992). A,; the contan lime uf sulphide .md nickel 
reagent> increased the precipita~ sizes decre~sed further due to dismlution of 
prec ipitJtes ~nd thus ,<enling time w,,, increa,<ed. 
When the r.tio of Ni:S wo-s 1:1 (B:l) ,ettling occu,,,,d ~fter ± 3 da)", de'pite the shon 
(30,) cont.ct tim, and even though no dissulution uf precipitales occurred, uldicated by 
the relatively low, conswm concentr.nions of nie""" .nd sulphide ~frer iniri~l precipimion 
(Figure 26). TIlerefore, the colloid.1 suspension ,",'.S s{.ble, re,ilrin!?, floccuLnion thus 
indicllulg thaI the zeta puwnti .• 1 uf the precipitates was not close to the isodecuic point 
(Vergouwet .1., 1998). It i, lmci"ar a., to why precipitate" fo~d when Ni,s - 1:1 do 
not senle "'1"11, even .fter ~ short ~!?,it~tion tiln'. 
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When the ratio of Ni:S was not stoichiometric (Ni:S = 1:0.5 (B04) 1:1.5 (B05) and 1:2 
(B06)) and mixing time was minimised (approximately 30s) the settling was complete 
after 6 minutes with very similar settling trends exhibited by all three runs. Settling 
occurred via the formation of flocculates, indicating that the zeta potential of the 
precipitates was close to zero (Vergouwet al., 1998). Flocculate formation was followed 
by rapid clearing of the Imhoff settling column. Flocculates were larger as the excess 
sulphide in solution decreased. Initial zeta potential measurements of precipitates formed 
in the above batch tests after a short contact time between Ni and S reagents are shown 
below in 
Table U. 
Table 12: Initial Zeta potential values of precipitates formed with varying molar ratios of 
Ni:S (BOl, B04 - B06) 
Experiment Ni:S Molar Ratio Initial Zeta potential (m V) 
B04 1:0.5 -9.47 
B01 1:1 -38.9 
BOS 1:1.5 -39.5 
B06 1:2 -40.3 
These values provide no conclusive information linking the initial Zeta potential values 
to the settling trends shown or to flocculate formation. 
The settling of B04 decreased to a lower value because the settled volume was smaller as 
there were fewer precipitates formed compared to the other runs. Thus, the presence of 
excess or limiting sulphides and the resulting increased or decreased supersaturation, 
respectively, did not adversely affect settling due to the formation of flocculates provided 
the contact time of the sulphide and nickel reagents is short (Milligan, 1995). 
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Figure 29: Settling data for the precipitation of NiS using from synthetic NiS04 (200ppm 
Ni2+) Na2S for various ratios of Ni:S 
The following figure (Figure 30) shows the supersaturattons based on initial global 
concentrations for each of the batch experiments run varying pHi and Ni:S molar ratio. 
Supersaturations were calculated using the HS- ion concentrations as opposed to the total 
free sulphide concentrations in solution, based on the inability of H2S(aq) to precipitate 
nickel and the high pK2 (17.4, Midgisov et aI., 2001) value limiting the S2- available for 
reaction for the extent of the real pH scale. Supersaturations were very similar for all 
experiments except when pHi = 4.24 (B03) because there was a negligible concentration 
of HS' in the acidic sulphide solution compared to the alkaline ones. 
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Figure 30: Supersaturations based on initial global concentrations for batch nickel 
precipitation experiments using NazS varying the initial pH (PHi) of the sulphide solution 
[B01, B02, B03] and varying the ratio of Ni:S [B04, B05, B06] 
Despite the similarity in supersaturation values for all batch experiments where NiS 
precipitation occurred (Figure 30), the settling of precipitates formed from a 
stoichiometric molar ratio of Ni:S (B01) occurred much more slowly compared to the 
other molar ratios. Thus, the settling times and supersaturations, based on initial global 
concentrations, do not have an apparent connection. Higher supersaturations produce 
smaller particles because nucleation is the dominant particle rate process (Sohnel and 
Garside, 1992). Therefore, experiments generating lower supersaturations should 
produce larger particles which should theoretically settle faster than experiments with 
higher supersaturations, because the settling velocity of smaller particles is slower due to 
their decreased weight (equation 3-7). Although the supersaturations generated in the 
gaseous system were much lower (l05 - 106) than those of the batch system (1012 - 1013), 
the primary nucleation was still the dominant particle forming mechanism and therefore 
particle sizes generated remained too small to facilitate efficient settling for precipitates 
formed after an extended contact time between reagents. However, when contact time of 
the two reagents was minimised flocculation occurred and, as stated by Milligan (1995), 
flocculation produces high sediment flux of small particles which cannot be explained by 
simple Stokes' settling of single grains (equation 3-7). When the contact time of nickel 
and sulphide reagents was increased, flocculation was no longer apparent and thus 
Stoke's Law could be applied (equation 3-7). However, in this case, smaller particles and 
the presence of polysulphide species in solution increased solution opacity and thus 
hampered visibility and settling of larger particles, if any, could not be seen. 
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Due to the flocculation of precipitate particles immediately after mixing, settling data 
cannot be used to correlate the effects of supersaturation on particle size with varying 
Ni:S ratios. For increased contact time of the two reagents, flocculation did not occur 
and settling of larger precipitate particles was not observed due to the opacity imparted 
by the smaller particles in suspension and the polysulphide ions, the concentrations of 
which increased as dissolution of precipitates occurred. Therefore, settling was 
ineffective for rapid and efficient post precipitation phase separation. 
7.2.3. High alkalinity (NaOH) tlowrates 
A series of experiments were performed as previously described, but with rates of alkali 
addition an order of magnitude greater. In all cases tested complete nickel removal was 
achieved in a relatively short time (Appendix q. The times taken for complete reaction 
for each of the flowrates of alkalinity and HzS (g) tested are shown below. The relative 
error for experiment T05, representative of the error associated with the high alkalinity 
runs, is graphically shown in Appendix B. Appendix C displays the actual values shown 
in Figure 31 in a tabular form. 
Table 13: Time taken for complete reaction for experiments run with high alkalinity 
input at various HzS (g) flowrates 
HzS(g)mix Time for 
NaOH [HzS(g)] [Niz+] complete 
Run [10% RS(g); 90%Nz] 
reaction 
(mmoVmin) (L/min) (mmoVmin) (mg/l) (minutes) 
TOl 2.23 0.8 3.57 215.5 2.5 
T02 2.23 0.5 2.23 217.4 2.5 
T03 2.23 0.3 1.34 210.5 2.5 
T04 2.23 0.1 0.446 208.9 2.5 
T05 1.75 0.8 3.57 182.6 3.5 
T06 1.75 0.5 2.23 183.2 3.5 
T07 1.75 0.3 1.34 217.0 3.5 
T08 1.75 0.1 0.446 199.7 3.5 
T09 1.20 0.3 1.34 197.7 4.5 
Tl0 1.20 0.2 0.893 217.4 4.5 
Tll 1.20 0.1 0.446 217.1 4.5 
The rates of nickel removal were found to be directly related to alkalinity. 
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Figure 31: NiS precipitation using HzS(g) comparing different HzS(g) flowrates (0.1, OJ, 
0.5 and 0.8L/ min) when NaOH = 2.23mmoll min [T01 - T04] 
As seen in Figure 31, when NaOH = 2.23mmollmin, the nickel was completely removed 
after 2.5 minutes regardless of the HzS(g) flowrate supplied, which varied between 0.8 -
O.1L/ min. Thus indicating that the rate at which the alkalinity was supplied controlled 
the rate of nickel sulphide precipitation. The combined effects of the nickel sulphide 
precipitation releasing protons and the alkaline effect of the NaOH supplied to the 
reactor were the same since the rates of alkaline added and NiS precipitation were the 
same for runs TOl - T04. The pH measured 'WaS the result of the speciation of the 
sulphide. At higher HzS(g) flowrates more sulphide diffused into solution and speciated 
releasing protons into solution, thus lowering the pH Thus, the pH values range 
between acidic and alkaline values for the range of alkalinity flowrates tested. 
The sulphide concentrations in solution increased with increasing HzS(g) flowrate and 
with increasing run time, since the HzS(g) input rate was constant throughout the run. 
When the HzS(g) flowrates were low i.e. HzS(g) = 0.1 and 0.3L/min, there was no 
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sulphide present in solution during the time taken for the nickel concentration ill 
solution to be completely depleted. However, the rate of sulphide availability in solution 
did not limit the rate of the reaction since the time taken for complete removal remained 
at 2.5 minutes, as with all other H2S(g) flowrates tested. At low sulphide flowrates 
(H2S(g) = 0.1 and 0.3L/ min), there was no detectable sulphide in solution and negligible 
sulphide in the NaOH sulphide trap. Since the flowrate of H2S(g) T04 (O.1L/ min) was 3 
times smaller than that of T03 (0.3L/ min), and the rates of nickel removal were the same 
for T04 and T03 nickel hydroxide precipitation could have occurred in the former run. 
The alkalinity converted the sulphide in the reactor solution into HS- upon entering the 
aqueous phase owing to the neutral and slightly basic pH values caused by the alkalinity 
addition and thus nickel sulphide precipitation occurred to an extent. However, since the 
rate of NaOH addition (2.23mmoV min) was greater than the rate of sulphide addition 
(H2S(g) = O.1L/ min), nickel hydroxide precipitation occurred to larger extent (T04). 
When the H2S(g) flowrates were increased to 0.5 and 0.8L/ min, there was sulphide 
present in solution throughout the run including during the reaction, which occurred 
simultaneously for the first two minutes. The rate at which sulphide was consumed by 
the nickel sulphide precipitation reaction was slower than the rate of sulphide addition 
because the alkalinity supplied was not sufficient to raise the pH sufficiently during 
reaction and thus did not provide HS- ions at a rate comparable to that of the intrinsic 
reaction rate. The acidic pH values resulting from these higher flowrates indicated that 
the sulphide in solution was present as H2S(aq) species and, hence, was unable to 
contribute to the removal of nickel from solution. 
A small portion of H2S(aq) dissociates to HS- and H+. The concentration is not sufficient 
to significantly enhance the reaction rate, but the H+ ions are sufficient to lower the pH 
in an unbuffered system. The partial dissociation of the weak acid causes the low pH 
After the reaction was completed the pH increased, since the reaction no longer 
generated protons due to NiS precipitation because all the nickel was depleted. During 
reaction two H+ ions were released for each NiS precipitate molecule formed. The 
addition of OH ions neutralised protons and encouraged formation of HS- by driving 
the speciation to the right 
pKJ = 6.99 Gackson, 1986) (1-1) 
Once all the nickel had reacted only one H+ ion was released for each H2S dissolved in 
solution due to speciation of H2S(aq) to HS-, and some H2S(aq) remained. As a result the 
pH increased as not all the OH ions were neutralised by H+ liberated as H2S dissolves. 
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As the pH increased more HzS dissociates so more H+ were released and thus there was 
a decrease in the rate of pH increase. The increasing sulphide concentrations indicated 
that the sulphide in solution had not reached the saturation concentration for the pH 
displayed on the graphs. After the reaction was complete the pH stabilised because the 
rates of alkalinity and sulphide supplied remained constant and equilibrated. As the pH 
stabilised and the solution was saturated with HzS(aq), the sulphide concentration ill 
solution increased linearly at the rate of HS- formation. 
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Figure 32: Nickel Precipitation with HzS(g): nickel removal and pH with time NaOH = 
2.23mmoV min; HzS(g) = 0.3; 0.5; 0.8V min [TO 1 - T03] 
Figure 32 compares the experimental and modelled nickel concentrations and pH values 
with time for NaOH = 2.23mmoVmin and HzS(g) = 0.8, 0.5, 0.3 and O.lL/min. These 
graphs were constructed using the concentrations of NaOH and HzS(g) available for 
reaction after every 20s for the first 3.3 minutes of the reaction, based on their respective 
flowrates, and the entire Niz+ concentration (200ppm). Each 20s time interval was 
thermodynamically modelled in OLI as a separate batch experiment, in combination 
resulting in a pseudo-kinetic model of the semi-batch experiment (please see Appendix C 
for values). 
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The pseudo-kinetic OLI !I¥JoCle1 ,howed thai lhe nu:e of nickd crmc ~ntration dere"e 
dec~a.~d as th~ H,S(g) fJownnc incrc ~scd from O.1Umin - C·.8Limin. DllIing the 
mudelled reoction there ,,-a., 110 mlphid~ pre>ent in lhe reacting solution bccan.>e th" 
entire anymlll ot sulphide input ,I lhe specific time (ba.~d on "x~ri~nul flownlle, o[ 
alkalinilY and sulphide reagcnt) reocted with the Illckel presem in ,0Iutiol1. As smed 
previomly, the OLI nud",l only comide", the thennodymmic result wb~~as tl", 
experinr lllal values include the kinetic effect'_ 
Kinetically, nO! all the sulphide in the reactor at a .,~cific tiIl~ reacted because cilC 
,ulphidc species a\"ail~bk " .. ,," 1101 abk to p~cipit'le ruckel [k, H,S(aqi]. }bwc\Tr, the 
OLl modd alb"" th~ nickel pre,ent .ll tin"" t, to rcoc. with ~ llthc "ldphide p~""nt in 
wlution, since, given infinite till'K' the probability of the pre' ~nce of enough reaclive 
sulpbide .'pecic, (I IS) allo"" tor th~ complete reaction of the entire conce ntn.ion of tl", 
"ulphid ~ re'gem at th"l tinlC. TIlls is a deficiency in lOsing th~rmodynamic = leb for 
11011-equilibrium 'ptem,_ 
TIll'S, th ~ tim~ laMn for compkte ruckl ion deplelion t,ke, 2 minutes at H,S(g) -
C.8Umin ,nd 2.33min ,nd 2.67min for H,S(g) - 0.5 ~nd :)JU min, respectively. which 
is significantly differc nt to the experimentally d~termi""d con.tant linear decrease in 
nickel ion concentration with complele reaclion after 2.5minutes [or all H,--<;(g) flowrJtes 
tested. TIle mode&d pH valu~' WNC lower a. II,S(g) flmvrate, incr""""d trom 
C . .JUminto C'.8Limin, which is the sarrr trend as shov,n experunelll,lly. However, lhe 
pH values are much lower. but thi , i. expect~d became th~ rate, of nicMI precipitation 
""re b,ter ,nd there" no excess, unre.lCled ,ulphide present in solution in the modelled 
rextion. III contnst, the modelled pi I v~lu'" amI nicMI concentration., = wry similar 
tor 11,s1i;:) _ O.1Umin. Ilowe,cer, the nickel remov,l, and thm the pH ch,nge, was due 
to nickel h)t!roxide ~s well ~s nickel sulphide prccipit~tion. Thus, wh~n II,S(g) i., limiting 
and th ~ pI I is sufl'ic;"mly high nickel hydroxide precipit'lion l,ke, place. 
, 
.' ~ .. I , 
• • • 
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Fij!;ure 33: PS€llllo·kinelic modelling of nick~l p~lipllalion from S}11tkric i\iS(\ when 
H,S(g) - O.ILl min i\<lOH - 2,2}mmoli min r1'::4] 
Figure 34 shows the prcclplt.11I0n of llicMl using Dnly KaOH at J flownuc of 
1.28nllll(ll/ min for the rim 4.5 mimMs Df the run. AI 4.5 minutes H,S(g) "1 a flo"'r.I.le of 
03Limin w.l> supplied 10 the rextor. Cnfilrcrcd sample. we~ lakll P<"cioJiully to 
which 8.5m! of I-K1 Jnd HNO, each " .. ,," aJJed, 11k samples "'ere then filtered and 
sent to AAS to d"temnne Ni'~ concentmion. If "-.lS found lMI NiS precipllales do nO! 
djsSDlv~ on aclJilKJn of ,\C}J. 111Crcforc the "ddilioll "f .llid dj,;,,,iYed any nickel 
hydroxide prccipiurc fom...,d but not flIck l sulphitk, Jnd so (he nickel p'ccipil~t~d ;u 
sulphid€ was .lble to L>e oc{crmillcd. It ,,"-, found that although NiS precipitation docs 
not occur at acidic pH valu" s dl><' to their high solubility valoc_' (Figure 1~) dissolution of 
NiS pr",cipitale' JiJ not occur upon addition of "-Cid_ Nick",l h}JroxiJe was dispuceJ by 
nickel sulphide when H,Stg) was luppli<'d after 4.5 minules as seen in th", figure, 
although tk di'pl.\cement precipitation process 'v~s slow"'T than th", precipitation of 
nickel by hydroxide (Figure 3J) or mlphiJe (figure 31). Thus, nickd sulphid", 
prcfer~ntially precipilated (lYer nickl hydroxide even at Jlluli"", pH valu" , when 
sulphide W.1S not limiting. 
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Figure 34: TIle precipiution of Ni using onl)' NaOH _ 1. 2~mmolirnin for ~ - 4.5 
minute, and H;>(g) - OJU min for 4.5 - R minutes 
Figure 35 b..low compares the effects of threc differcnt Jlkal;,,;ry flO"'I'a~ , (:\aOH -
1.10,1 .75 Jnd 2.2Jmmo1/min) at th~ Same H,S(g) [Jowrate (OJUmin). TIlliS, wh",n lh", 
.1lkalinil)" flowrate was lowe r, rhe pH W,,-, lo",,,r and lkre waS a greater concentr~tion of 
sulphide in , olucion present .1S the un'cacti'T H,S(ag) Wl,,,,n th", r.n", of alkalinity 
pn,,~d.:,J " '" mflic;ent to COm'en lhe incoming slJphidc to the rc-~ctivc HS-, th~n the re 
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, 
wa> nO aqueous sulphide present during re ~Clio[]. lli repre,,,nLl effiCkllt usc of me 
Mldcd sulphide. 
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FigURe 35: Stemi-bJtch precipitation of ni<:ke,l usmg H,sG;) G O,3Umin and NaOH -
1.~8, 1.75 and 2.L>nm:XJlimin [1'83, T07 and TO')] 
111e foUowing diagn,m (l'igurc 36) ,ho"" the thre.,hold ~bove wllich €xce" sulphide was 
pr~.'~ nt in wlUlion dunng reanion leading to sulphick reagent WJS1J/\C ~nd thus pro[~.,., 
indficicncy. TIle threshold is the ])QuncLry bdow which lk rate at which NaOH emeCS 
.'Glution "':I., .mifi<:ient to shift Lbo speciation w the fornlolticlll of lIS at a ra~ 
comparabk to the en tering lI,S(j) flO'l'Tale. The thee,hold at which H,S(g) dissolution 
Ixcomcs appan:nt is sil(nificam for pUrpo"e, of pnxes" optimwuion. liliove this 
thr~,hold there is significant reagent "'')'sTage, either Jccllmul.nil1j1, in the reacting ,olution 
or lost a, unabsorkd H,s(illO be collected in the NaOH ITap. 
For th~ ~xperimcnts where H,s(g) - 0.11.1 min and NaOI J - 1.~:J; !.75; 2.nl1lnulimin 
and H,s(g) - C3Umin and XaOH - 1.75 ,md 2.23 mmoV min, no sulphide "'as presen, 
, 
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in soluuon during ,-.action and therefore lhesc points lie hdow th~ sulphide mJge 
effici~nlv tlm,hold, The other experiments sho" .. d signific,nt unused sulphide in 
soluuon Juring rcacuon ~nd ar~ th~,-dor~ pouus which lic abow thc thr~shold. A 
possibility of of"'rating: below the sulphide us~gc dfici~nlY thr~,hokl is tlw whcn 
mlphid~ is limiting, Ni(OH), prccipit~tion may ocCur (KS 'S\Oi!' - 10"'" ) Uackson, 
19S)), 
TIle Ihreshoki ralio of I ~S(g) to N,OH above which cxccss sulphid. "'" p",s~nt in 
>Glution, thus ineHiciem utilisauon of sulphid~ l.,t ioru;, Juring: re,ccion is \: 1.664 for thc 
rJ.llgc of H,S(g) and NaOi I flownles tested, A thcorctic~ 1 hound".rywa, c.,lcubteJ using 
th~ stoichiometry of the reJction to confiml me CXf"'riment.,lly determined threshoki. 
For, known NaOH l1o"y,ltC, th~ raU of rockel precipitation w,s measured. TI..., rate at 
which the Xi" conc~ntration decreased Juri.ng reaction was compared to the rate of 
, Jl!,,'aOIfI -d[Ni"] ,. . NaOH mpm ( : --_. .), and then funher compared th~ stOlc!lJ(}n...,ml 
dl JI 
requirement of lhe sulphid. to nickd re.'gems required to form XiS ~s shown in ~qlkltioll 
7-1. Thm the nilkel removal rate ""as rdat~d to th . rate of H,S(g) consumption (S~~ 
AppenJL" D for s~mpk: c~1cubtion), A, can k Seen in Figure 36, th . r~ i, g:ood 
'greement L""m .. ~n th~ theore tiu lly detcnnincd mr~sllOld and th . experlrreIl(.,1 points. 
Th~ 'XC~ pliOIl WdS point T07, wlml II,S(g) _ O.JU min )ml NJOH _ 1.75mmol/min. 
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Figurc 36: Sulphide u.s ag~ dficimcy thre,hold; comp,ring eXP<'ritt~nl)1 JnJ nwelkd 
regions of H,S(g) m~ss IT~nsfcr res imncc [TOl - Ttl] 
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7.1.3, 1. Higbie's pcneu:II.iOIi theo,), 
Exponm.JlU using 10"" (Le'l - LC.S) Jild high (r.H -1G4) ~Ik.l !init;.· fJo"TJle< indicAted 
,hJ\ the precipit.llion of NiS frQm I/loe ' )1l\hclic NoSO, solution i.. contruU .... 1 b;- the I.,. 
of HS JJJi,ioll. TIluS, Higbie 's re'letrJUoll theory was JPplicd (0 sWl~hJrrh huhbl~ 
column experi""'llts '1'01 _ T04 (Fig,,!,\: 37) Jnd TO), Te'7 .lnd T09 (F~urt 38) \0 
detmni"., the wnlrolling {"'tor em the rre<:ipi!~lion pt'(K.", Higbie 's d)<;olY wll 
eX?"rin)(',nWly nlidaud foc the IIrm .(" Ito of the re~ction by comp~ri llg the .'nlphid.. 
com:emrJlion in .olutlon <'xpcrullC"UWJy d~efmined to that p,-.,Jict.J b~ the \hcQretic~1 
cxprcnion (AI'peudix E). Tn" ,,,luliol1 us",l luJ oqui".dcnt ionic 51n-ugth to the ruction 
nieJllim. The ,uiphi<k coDccnlr~lion "'.IS "buined frum tlr c-..IcuL.u.<I raJ" of sulphide 
diffusion from t1Ie bubble imo the ~Jctillt; .Wlu' ;OIl.lS d~knnin~d b) Hgbic'$ ,h('Ot\·. 
-
-
< 
C.·:·::l 
~:'._J~ 
-c.o; 
! 1.11j;\ -t III .. ", 
r _ ·;.7.":1~9. 
R' .,.".cl 
J[ s~. .OVmi. 
1 - -C.JO!II' 
R.'. c.~,~ . 
• IL'S . :I. ) [/oi " 
• !-US ~ C .. \[Jmi" 
i r So :.'1 
-~:::; 1'1'1. 
, 
' : . , , 
Ii"" i.) 
~ 1]l'; _ :l.JI "n 
• H:', _ :l.IU"." 
'", 
L;,~., (I L'S • :l.sU j";"~ ---Lu",,:1 C, _ ·:;.)U ,,"n) 
[.;"''' :1-\]'; _ o. t I)",:") - ... 1. ... ,>0 (illS _ ~.iU"",; 
Fi~ ... re ,7: I ligh.,", p"""trJwn IlmJl), ~ppli~d nickl sulphide p~cipjwio" from ~ 
s ~lHh"'ic nick l s" lph.uc solutio" willI: H.SW I)rommeci oy Jlk..liniry JJ../ition In(Il!. I ~ ..-
qNiSO.D/ (18.18 -+- Cj:'\L"O,~ ~, Ull1~ for Jiff.,renl H.5(g) Ilo"TAlcs ... ·hen ~OH _ 
2.2JnunoVmin (TC I - TO-tJ 
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I;ij;ure 3~: Higbic·~ I>CllcrrJtion then!)" ~pphtd nilkl slJphick prcrip it~ !i on from J. 
$} mhclic nickel lulphate ,,,lution USillS H,5(g) prom.orcd by alk.J.lillity additinn 1n(IS.1 ~ 1-
C[NiSO.D/ (18,18 + qXiSO,n vs rimc f.o r rbe \MIll: H,SU;) tluwr.lte _ O.3Um;1l [T03, 
T:7 md T:?] 
The r.u~ of precipit-.u ion " -l l rhe j"Imt,' for !ll<': s...fIIC X,OH tlo"'n!C' -.u n!');n~ H~(g) 
f10"'T~t.., (Figll~ 37) .rnd Lite m~ of renlOv~1 inc!\'.lwd "'TIen 1m, rate of N.10 H W'iS 
incre.lSC<l .11 the S.;UIIf' H,5(g) Ilo",n l(' (Figlln. 38) lb"" Ute5e iigures confirlll t h~[ the 
Me of prelipildt ioll cxprcueO ~" n ( IIUS I C[NiSO,)/(l~.l8 + C1NiSOJ\ (~li., hT:l 
and K~po<>r. 1975) "",IS (OIllrolkd by the tltc .of ~lIulinity .lddilion. Thu> the 1n.J.S 
ItJrufer lodficirm, k" C,mn",- bt, CJlcllb.tC.t frum the gr~ph~ coll~InlclC'd .lbcwe .ioce 
the rate "f !'C.telion is limited by .tibli.nil)' ~tidi!iOll md nat by the ral€ uf H,S(~ JiffusiolJ 
im.o $.olmion, 11m3, in order tn c.k\\Ut~ ,uptnJlumions the Ihco reti c~l vJl\\e fnr Ihe 
OLl SS tnn~fe r coeffici~nl, k" is u>old (c'l\l~tio l1 5·19), While til<! I"Jte of sulphide 
~b<orptiun imo ~oluoon is l ftlOClion of H.,~(g,l fl"wr.ltt, tlr J,'~ihbilil} of re~(lion \-1~i· 
ioos il (OIltrollC'd by ~1k..1illirr ~,ldition.. Th..! re .uh. confirm [he bllch f,"dins~ Jnd 
!~rdo!'C ll'P"" .. numioll c;mmJl be (~ k:1I1~t<!d using: the rou l stdp" "'" in !.Oltllion. 
CompAring the gr.lphs abo,,' to [~ consl rut1Cd by /lWJtr~ omd K~pvor (I ?7 ~) f\l rther 
confinns Ih .1t N.10 H fJo"'T.llc Jin.ucJ me rJlc.of ",mID" l oj n,(I;.-.I. ~lisht~ ~ml K~poor 
(1978) found th~t !I~ rat<> o! precipil.,l tion deHc~sc-d with dox "'.l.,in~ ~.~ flO"'TJle ~I 
wn~unt bubhle ~ i7.c ~nd Ih,l t the m.e of p",cipltJIion llKre~,eJ ,,~th dccl't'.lScd buhble 
.<it.t. SilK'e gas bubble sms were CO Il!lJll t (± ; ... .'i mm) for ~ll H5(Kl [lowr~te l t~sted Jll<.! 
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the bisulphide species responsible for precipitation were liberated by the addition of 
hydroxyl ions, the rate of alkalinity addition controlled the precipitation process. 
7.2.3.2. Supersaturations 
Supersaturations were based on HS- ion values since these are primarily responsible for 
the precipitation of nickel in the system. The NiS precipitation system was modelled in 
Excel® to obtain initial supersaturation values since the first measurements during 
reaction were at 30s, which was too long an interval to evaluate supersaturation over 
considering the speciation and reaction were almost instantaneous. Supersaturations for 
the semi-batch precipitation of nickel sulphide were calculated and are displayed below in 
Table 14 (Appendix F). Only the initial supersaturation values at t = O.Ols are shown 
because it is assumed that supersaturations decreased as the run progressed since the 
concentration of nickel decreased. For the semi-batch gaseous experiments, as the HzS(g) 
flowrate increased the initial supersaturation increased. The rate of nickel removal was 
strongly dependent on the alkalinity flowrate, thus the supersaturations were smaller 
when the flowrates of alkalinity were lower. 
Table 14: Supersaturations at time, t = O.Ols, using HS- for experiments T01, T02, T03, 
T07 and T09 
NaOH H 2S(g) Supersaturation 
Run 
mmollmin L/min t = O.Ols 
T01 2.23 0.8 4.94E+06 
T02 2.23 0.5 2.35E+06 
T03 2.23 0.3 1.15E+06 
T07 1.75 OJ 9.76E+05 
T09 1.20 0.3 6.45E+05 
The batch aqueous supersaturations (Figure 30) were higher (1013 - 1014) than the 
gaseous semi-batch ones (105 - 106) due to the mass transfer resistance in the gaseous 
system which slowed the rate of sulphide availability (Hammack, 1994). 
As stated earlier, supersaturations cannot be related to settling times. The presence of 
excess sulphide in solution caused dissolution of precipitates, leading to decreased 
precipitate sizes, preventing flocculation (based on batch settling results), and thus 
causing increased settling times. Dissolution of precipitates was not apparent during 
reaction but probably occurred during settling due to the large excess of sulphide present 
in solution. Settling of larger precipitate particles was not observed, again due to the 
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op .. city impaned to ,olution by the slllJllcr prccipitarc., m'pended in solutIOn. Settling '" 
., ph""e separation process WJ' nor dfcltiv~ for prelipilcm., ,.""ulting [rom the use of 
gaseous H)(g), t'lking 0'-' [ 1 ",,,,k to comp].,tdy ,~nle, 
7.2 .. 3..3.Particlc siz:e distributions (1'51)5) 
Il Was .mernpleJ to oblain PSDs of particb form.:d irom both balch (Appendix G) anJ 
sClni·b,\tch rc,lCtor configurJtions ming aqueous and ga,eou, ,ulphide reagents, 
re'p"co,-dy. PS[}; were desired so thaI a popllj,nioll baLmcc m:xlclcould be g~n erated. 
TIle desire W,lS W confirm which pattiek proc. ",,",, domin .. ted in the ",nous >}M€ms. 
Ho,,-ever, ""jlher realtor configuration utilised }ielded panicles s\,lbk enough to LX' 
mea,ured beC.llli€ boIh ,ewing md flocw1Jtion of p,micics presented PSI) ~ .. ,uren"'nt 
difficulrics. 
l'cuticle "",,,sure,,,,,m teclmique, emplo}eJ Were laser diffraction USlllg the J\.blvcrn 
M.me"izer'" and the electrical sensing zone method emplo~d by th, Beckman 
Coultcfl' Coumer. Th, tollo"ing graphs >.r~ PSDs for the ,emi-balch precipil.alion of 
NiS ming H,S(g) - O.3U min and NaOH - l.7Smmol/ min (T07). 
Th, PSD, obtained [rom lhe Gmher'" COumer decreased in p,uucie size and nLlmbcr 
""1th rime aftcr thc "unpk W.lS obtainM irom ,-"anion solution, '" " en in Figure 39 [or 
' xperirn.m '1'07 (NaOH - I.7smrnoLi min, H ,S(g) - OJU min} . 
. =,---------, 
i " ,,~ . 
. ,.,:. i ,= 
, , 
• 
" 
Figur, 39: R'peat I'SDs ".., .. wred ming the B, ckman Coulter Counter 1 minute, ..iter 
compiete re""lion when N10H - 1.75mmoLi min, H,S(g) - 8JLI min [T87] 
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PSD, taken by the Beckman Coulte~ Counter wene rreasureci t minuks after IC.nion 
was complete, ,,-hcre t ""as between 5 - 12 mitlutes . A lC' micron "perture mhe w"s med 
"1th a measuring ~~ngc of 0.6 - 12,Lm 111\1S, the PS!), were di,cominu~d heID"- O.h flm 
",bich ]S utldesir~hle Slllce infomution on p"rtick "7,c, helow the ]D"-e r limit W'" 
Dmilled, as apparent wkn lk time after re.1cGon waS t + 4 minutes showing thm thc 
pc.k WJS sc\'cred. PartKIe numrx,rs dcncascd "ith in,n;asing nmc afrcr thc nm 
,omrncnced, which indicJtes tllJt ,enling Dccunw he~"me the .<l7,c of parti<:le, aL,o 
deneased. PSD, be,aIlle inuteasingly biIllCXiai as thc tin);; after reaction increascd ",-hidl 
indicate, fjDccliLniDn occurred '-, well (Adi et JL, le(7). 
111\1S the lI.-blvern )l.lastersi7,crt' W'" used since there e, " 'tlITer present to create a 
d}'!lami.: environmem and lhus prevent sellling of particb ",ihin lhe sample ,-olume. 
S~mplcs WCIC anal}~d for PSDs d mitlllrcs after reaction was compkrc, whe re II "'-as 
betwecn lC' - 25mitlutes. It wos foutld that the Oh'Cll]-atiDtl decre,-'ed JS the tim: afte r 
,ampling inneased indinlllg lhal panicles were fk>(Tuialing "11h tirr~ in thc s.unplc 
holder. brticle Sl7-e' increased J" the ume after '''mpling progressed, shown on the 
graph, as a ,hift in lhc pok from below I/lIn to approximately llHn. Particle nwnbcrs 
dccn;ascd "ith time after sJlJ1pling. 
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Figll!C 40: Repeat PSDs m;;aSllICd using mc Malvem 1-fastersizcr'" tl n11J1UlCS after 
l'OInpkte reaction when NaOH - 1.75nm:1Ol1 mm, H,S(g) O.3Umin L'lU7J 
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PSDs measured in the Malvern Mastersizer® (range O.l-lOOOJLm) were cut off at the 
lower limit as seen in PSDs obtained at t1 and t1 + 1 minutes (Figure 40) and is 
undesirable since valuable information on nucleation, which produces the smallest 
particle sizes, is lost. An incomplete PSD prevents interpretation of particle rate 
processes occurring within the reaction solution. The overall decreased particle number 
and increased particle size, as well as the simultaneous decreased obscuration as the time 
after reaction progressed indicated flocculation of precipitates in the sample volume, 
despite stirring. It was found that sonification amplified flocculation effects for metal 
sulphide precipitates and therefore it was not used. 
The lower limit of detectable particle sizes is smaller in the Malvern Mastersizer® than 
by the Beckman Coulter® Counter and thus many more particles were detected by the 
Malvern Mastersizer®. The PSDs from both measurement techniques are not 
comparable, which is a further indication of precipitate instability. 
The robustness of measurement is indicated by no PSD change with time after the 
sample is obtained (Adi et al., 2007) and so both methods were ineffective at measuring 
PSDs of NiS precipitates formed in the semi-batch gaseous reactor (Figure 39 and Figure 
40) and the batch aqueous reactor (Appendix G). 
Similar relationships between the particle size and number and the time of measurement 
after sampling and for both the Beckman Coulter® Counter and the Malvern 
Mastersizer® are seen when NaOH = 2.23mmoV min and H2S(g) = 0.8L/ min (T01) 
(Appendix H). 
Since sample characterisation was not successful using settling and PSD measurement, 
X-ray diffraction (XRD) was attempted. However, due to the amorphous nature of the 
precipitates the XRD data did not show consistent peaks, thus ruling out the use of this 
method to identify precipitates formed. The XRD data as well as SEM pictures are 
shown in Appendix I to qualitatively support this argument. 
7.2.4. Reduction End Solution (RES) 
The graphs below show the results of the precipitation of nickel and cobalt from diluted 
RES using H2S(g). 
The precipitation of nickel was incomplete when no alkalinity was provided to the 
reacting solution (Figure 41). Cobalt was present in small amounts (2Sppm) and was 
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completely prccipieltcd. Thcre W.IS significamly grc.lcr !Cll>::lvJI of Iud,e] (75%) th.lfl 
when _')TIlhetic NiSO, ,,~, Q'c.J .1., thc nickel _'OU[(C (5%) (Figure 24), bccJUSC the 
amrIlOluum ion of the Ni(~ll),SO, complex acted", a buffer against the pH clungc. 
'111\1s, more HS ions Wefl' able to Ix relc.lSed before the pH dropped 100 low for lhe 
reaction to take place. 1he bufferin~ effect wa, I>Oted by the more gradual deere :!.,e of 
pH to a higher fi n~l value (PH 4.62) "fter 20 llullutes than "'nen using the s}nthelic 
NiSO, solution (PH 4.07). Hov.-"wr, the buffering capacity of tm: 1\1'" complex W,l,S 
imufficient to facilitate complete precipit.UKJn of Nt" in the diluted RES. The huff~ring 
c~pacity is ShO"l1 gr~phicJlly in Appendix J. 
During precipitation of nickel and cobalt front the diluted RES, 1m: sulphide 
concentr.111on ill 5Olullon reached an approximately Constant value of 205ppm after 20 
minute, "hch was due 10 dtc pH of lhe solution appro~,hing ~ cOllSt~m v~luc since the 
pH dictate., the .,arurJUon ,ulphide concentration by COnlrollin~ the "p"ciation. 
150 I 
, 
g • • 
l' • • 
, 
'00 • • 1: • • , 0 • • , • • • 8 ;:::r 150 • • • • h • • pH , 01 - 100 
• ; 
0 • • • • , • • • • , 
~ " 
" • 
, 
2: ~ 0 • • • • • • • • • , 
0 , 
" " " u"", (mmutc,) 
• SuiphiJc (ITlI/i) • N2 + ,. 0,1+ • pH (Lop) ~ pH(bor.w,,~ 
Figure 41: Sulphide precipitation of nickl .md cohalt from RES using HJl(g) ,,-ithout 
alblilli,y "ddition [RESOll 
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voLrn. [0.[02""1 H2S04 (mJ) 
Figu!1C 41: Amount of acil needed 10 [OCilil~tc pH ch~ngc in the diluted RES ,olution to 
qUJmify buffering cap~cjry w;ing albl inity (~'JIliv~lem mg of c",CD,!l.) 
The H' ions ncb,cd during IT~Clion, (bcrrnincd ~~J ~lkalinity qUJnlifiolion, w~, med 
in an ntempt w confirm tb", th~ b)urog~n ions libemt~d from precipiurion of NtS 
(equation 7-1) ~nd 'peciation Df H,S(.Iq) lO HS (equatiDn 1-1) matched the pH decre.se 
durin,; reaction_ The nlcubtcd v.lue of ~Ikalinity for the dilut~d RES "<15 462mg/L 
UCO, cquiwknl.S in the 75~rnl reaction ",lUlK>ll for the pH clunge from 7.26 to 4.62 
during reaction. To effect" pH ch~ngc equivalent to th~l ,een in lhe diluted RES 
6.7Snmlol required H' ;Oll' to be rele~sed _ The H' iOlls rde.sed dUoe to reaction w~rc 
c~lcu11tcd as 4.52 lrunollhus there was a 33% dim-.cpancy between v~lt>C, ('\pp;:ndi>:j). 
11,erefore, insufficient pmtom were ",Ic"",d by only NiS precipiurion 10 effc(\ til" pH 
dccflC~,e ,ugge'ling that an ~dditional re.IClion rdea,ing H' ion, OCCUlTed in lhe bubble 
column. It L' po\siblc Ihal the formation of NH(g) ocCUt'red during reanion, releasing 
H> ions which effcn the funhcr pH dccIT~,e. 
NH.+ .,. NH, +H· (7-2) 
In order to facilitate r"pid, contmlbble, complet~ rcl1>O'I.1 of nickel and (01:>.,lt .s 
sulphides from the diluted RES, alkaliniry wJ> pro'lideJ ~, NaOH "".jth a i10wrate of 
1.20rnmoVL The pH of the reacting solution remains in the neutral range between pH 
7.39 - 6.67, Ov,ing to N"OH input "nd the buffering c"pxiry of thc amlllonillm ions. 
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Figure H SuJphidc prccipitJrion of nickel and COOJlt from RES using H,S(IJ 
(O.Ri min) ,,~th ..!lulinityaddition N"DII _ L20mn>:lVmilljRES:1J 
Thnc WJS significantly hs wastage of una~orbcd, unrcoctcd suJphidc to the N~OH 
lrap compared to w]",,, no ,.deled alkalinityw,,-, llsed to...Ld p,-.,cipitation of lh~ nickel and 
cohalt frum ,he diluted RES (Fi~ure 44). After the reaction 'lOpped, sulphide w,,, 
present in l~rgcr wnccntwions in the reacting soll1tion when N~OI! WJ' m ed to 
hcilitale reaction (Fi~ure 43) than when no N.10H wa, used (Figure 41). Thus, 
suggesting that suJphide is utilis~ d more effie-iendr during the reanion "dlen alblinity 
"'" :cdJed to f.lCilitate re.lCllon. 
1200 
cCC -
o· • • • 
j 1'0 I j 
,;'''' (,,,,,~,,,,,) 
, ~F5 '-" ".OH ,,~"'k • ~'5 ".OH·"~l"'k 
Figure ,+ GJmpamon of ,ulphide ill th., N.10H trap for semi-batch precipit.uion of 
-"i" and Co" fmm diluted RES "ithoU\ NaO!! input wllere NaO!! _ !.lOnmlOli min 
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Comparison of the precipitation of nickel and cobalt from RES and that of nickel from 
the synthetic NiS04 solution are shown in the graphs below. Complete precipitation 
occurred after 4.5 minutes for both solutions therefore the rate of nickel removal was 
not affected by the solution matrix as long as the alkalinity was supplied at the same rate. 
The rate of precipitation from the diluted RES was initially rapid and then slowed after 
three minutes as the nickel concentration in solution decreased probably because the 
nickel became more strongly complexed to the ammonium sulphate,. From the synthetic 
nickel solution the precipitation was in general linear throughout the run, slowing only 
slightly in the last 30s. 
The sulphide concentration in the synthetic NiS04 reaction solution was greater than 
that of the diluted RES in the first 1.5 minutes of the run as predominantly HzS(aq) was 
present, which is unable to precipitate nickel. Also, the pH of the synthetic NiS04 
solution was lower during reaction, limiting the amount of sulphide in solution. 
Conversely, no excess sulphide was present in the diluted RES precipitating system 
during reaction. 
Because the pH was close to neutral and varied marginally (PH 6.67 - 7.39) throughout 
the duration of the run, the sulphide in solution speciated to HS- and therefore was able 
to precipitate nickel. In the synthetic nickel sulphate system the pH was lowered to acidic 
values since the system was not buffered and thus the excess sulphide in solution during 
reaction was HzS(aq). Thus, the sulphide entering the RES precipitating system was 
utilised more efficiently within the first 1.5 minutes because as it entered solution it 
speciated to HS- and was consumed by reaction. From 2.5 minutes until the end of the 
run there was more sulphide in the reacting solution in the diluted RES system because 
the pH was higher and thus more sulphide was able to enter solution. 
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Figure 45: Comparison of the precipitation of nickel and cobalt from diluted RES and 
nickel from synthetic NiS04• NaOH = 1.2mmoliL H2S(g) = O.3L/ min 
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8. Conclusions and recommendations 
Batch experiments were inconclusive in determining whether HS- or S2- species were 
responsible for the precipitation of NiS, but sufficient evidence exists to confinn that the 
H2S(ag) sulphide species cannot precipitate N?+ at ambient conditions. The most recent 
pK2 value of 17.4 (Midgisov et al., 2001), used in this study, suggests that the bisulphide 
ion (HS-) was responsible for NiS precipitation because the sulphide ion (S2-) was not 
present at significant concentrations for the extent of the real pH scale (0-14). It was 
found that sulphide precipitation of N?+ using H2S(g) decreased the pH and limited the 
extent of reaction as the supply of reactive sulphide ions (HS-) was exhausted. 
In this study, the use of gaseous sulphide to precipitate Ni2+ from an aqueous solution 
was facilitated by the addition of alkalinity, in the form of an independent NaOH source, 
to provide the bisulphide ions necessary for the reaction. Gaseous sulphide slowed the 
rate of the precipitation due to the mass transfer delay of sulphide entering solution. 
Therefore, provided sufficient sulphide has diffused into solution, it can be said that the 
control of Ni precipitation by gaseous sulphide is dictated by the rate at which HS-
species are made available. In this study, this was controlled by the rate at which NaOH 
(alkalinity) was supplied. As a result, supersaturation calculations were carried out using 
the HS- species as opposed to the total free sulphide concentration measured in solution. 
Initial supersaturations of the gaseous semi-batch system in the range of 105 - 106 
compared to the aqueous "slug-dosed" batch system at supersaturations of 1013 - 1014 • 
When the flowrates of NaOH and H2S(g) were such that the supplied alkalinity was an 
order of magnitude lower than the sulphide, Ni precipitation occurred at a linear rate and 
was complete after 25 - 40 minutes. In this case, the rate of precipitation was not 
dependent on the sulphide flowrate but rather on the rate of NaOH addition. Aqueous 
sulphide accumulated in the system during the precipitation phase and increased as the 
H2S(g) increased. In all cases, the pH reached a relatively stable value of approximately 
3.5 during the precipitation phase indicating that the accumulated sulphide was the 
H2S(ag) species. Where sulphide and hydroxide continued to be added after precipitation 
was complete, the pH and accumulated sulphide increased with time, the sulphide 
concentration to values greater than the previous stable concentration as more 
dissociated to HS-. Thus, sulphide was supplied in excess and did not limit the reaction. 
The controlled pH values were between pH 3 and 4. Previously precipitated nickel was 
observed to re-enter solution during this period. This was attributed to the formation of 
nickel polyusulphide complexes. 
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Batch experiments in which excess sulphide was provided relative to the stoichiometric 
dosage of Ni:S (1:1), demonstrated the dissolution of precipitates. In the well-mixed 
system the amount of resolubilised nickel exceeded 10ppm after 10 minutes and then 
continued to increase linearly with time. TIlls phenomenon was observed to a lesser 
extent where the Ni: S stoichiometry was 1:1 and could most likely be attributed to local 
HS- excess during the precipitation reaction. 
Where the H2S(g) flowrate was significantly greater than rate of NaOH addition, it was 
observed that the majority of added sulphide did not dissolve and was accumulated in the 
sulphide trap. In an industrial precipitation context, process economics dictate efficient 
reagent unitisation and this was not achieved under conditions of low alkalinity addition. 
Increasing the alkalinity flowrate such that the flowrates of NaOH and H2S(g) were of 
equal magnitude resulted in significantly faster removal of nickel and decreased sulphide 
wastage. The molar ratio of H2S(g) and NaOH addition at which mass transfer 
limitations ensured minimal sulphide in solution and no excess H2S (g) passing through 
the solution, but at which HS- availability still controlled the rate of nickel removal was 
determined to be 1: 1.66. When experiments were performed at sulphide to hydroxide 
ratios below this threshold value the precipitation of nickel as Ni(OH)2' as well as NiS, 
occurred because in the absence of sulphide the hydroxide ions accumulated to the point 
where the solution became supersaturated with respect to Ni(OH) 2' 
When the hydroxide addition rate was 2.23mmoV min, the rate of Ni pptn was still 
largely independent of gas flowrate over the range tested. When the NaOH rate was 
O.lL/ min Ni(OH)2 precipitation occurred since insufficient sulphide was supplied. When 
NaOH was increased to 0.3L/ min the flowrates of sulphide and hydroxide caused a 
neutral pH and the precipitation was in close proximity of the threshold between NiS 
and Ni(OH) 2 formation. When the NaOH flowrate was 0.5 and 0.8L/min NiS 
precipitation occurred but the pH decreased due to the speciation of the excess 
accumulated sulphide in solution. Therefore, at these higher flowrates an increase in 
NaOH flowrate would probably result precipitation becoming dependent on H2S gas 
flowrate. This would result in an undesirable increase in supersaturation. 
A thermodynamic software package, OLI Stream Analyzer (OLI© 2006), was used in an 
attempt to generate a pseudo-kinetic model. However, it allowed the reaction to reach 
thermodynamic equilibrium over each time scale resulting in overestimations of 
precipitation efficiency and inaccurate pH predictions. Therefore, thermodynamic 
models are not suitable to predict system performance. 
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Higbie's Penetration Theory was applied to calculate the rate of H2S(g) dissolution. The 
model prediction was validated experimentally and held until the solution approached 
saturation wrt H 2S(aq). When applied to the reaction system, this model indicated that 
over the range of flowrates tested the bubble diameter did not significantly affect the 
precipitation rate. The model confirms experimental observations that precipitation was 
predominantly affected by NaOH flowrate. Application of this model allowed more 
accurate determination of supersaturation values. 
A number of methods were attempted to determine PSD during the reaction process. 
The nature of the precipitate formed occluded the collection of reproducible PSD data 
predominantly due to flocculation of precipitates within the counting chambers. A 
number of dispersants and pre-treatment options were investigated but this problem 
could not be overcome. The lack of representative PSD data meant that a meaningful 
population balance analysis could not be performed; therefore the predominant particle 
rate process could not be confirmed. However, based on the high SS values even in the 
gaseous system it is likely that the precipitation process is dominated by nucleation and 
aggregation rather than nucleation and growth. 
In the absence of meaningful PSD data particle settling rate was investigated as a 
technique to relate supersaturation values to particle size. This data did not produce 
conclusive results partly due to the formation of polysulphide complexes which made 
observation of phase separation difficult. In addition, for batch precipitation, flocculation 
of precipitate particles occurred immediately after reaction resulting in rapid settling and 
thus could not be described by Stokes' Law (settling for single particle grains). 
Using diluted RES, to obtain a nickel concentration of 200ppm in order to compare 
results to the synthetic solution, showed that the RES had significant buffering capacity 
and in excess of 50% nickel and all cobalt could be precipitated without addition 
alkalinity. However, for complete efficient precipitation addition, alkalinity was required. 
The rates of nickel removal using H2S(g) were comparable for the synthetic NiS04 
solution and the diluted RES for the same flowrate of NaOH The precipitation 
mechanism described in the simple synthetic system holds for the diluted RES so it is a 
good model system for investigating phenomena which have potential significance in a 
process environment. 
Based on the above conclusions, it is recommended that vanous aspects of NiS 
precipitation using H2S(g) assisted by alkalinity addition are further investigated. 
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• It is recommended that additional methods for characterisation of precipitates be 
undertaken. 
• Modelling of mixed hydroxide/ sulphide precipitation under these conditions should 
be pedormed to determine the dominant precipitate formed. 
• Robust PSD measurement techniques are necessary in order to quantitatively and 
critically compare the effect of decreasing the supersaturations, in the gaseous 
system, with the batch system. Obtaining PSDs during the reaction will enable 
determination of the dominant particle forming mechanisms. By measuring zeta 
potentials of the NiS precipitates it may be possible to identify suitable dispersants to 
minimise flocculation of precipitates during PSD measurement. 
• Process optimisation was not the intention of this study. However, identifying the 
sulphide usage efficiency threshold was the first step towards process optimisation. 
Further research is required to optimise the process in terms of efficiency of sulphide 
utilisation and particle characteristics. 
• Despite reduced supersaturations obtained in the gaseous system, phase separation of 
precipitate particles from the mother liquor remained relatively inefficient. Additional 
research into solid-liquid phase separation is necessary. 
• The use of thermodynamic based modelling was not suitable to predict process 
pedormance. Initial attempts at modelling the precipitation of NiS from the synthetic 
NiS04 solution, based on observed kinetic parameters, was attempted in both 
Microsoft Excel® and Matlab® . Initial indications suggest this approach will yield a 
more applicable model and current work on model development is continuing. 
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Time Time Sulphide Time NaOH 
(min) pH (top) pH(bottom) Ni2+(mg/L) ( min) (mg/J) (minutes) sulphide 
0 6.52 6.62 210.4 0 0 0 0 
4.50 4.53 180.7 1 73.3 2 80 
2 4.22 4.28 184.3 2 150.0 10 1120 
4 3.64 3.67 167.9 4 186.7 14 1740 
6 3.46 3.49 161.5 6 226.7 18 2000 
8 3.36 3.38 144.5 8 210.0 22 2600 
10 3.32 3.35 139.9 10 253.3 26 2860 
12 3.31 3.34 123.1 12 235.0 30 3740 
14 3.3 3.33 104.03 14 226.7 34 4620 
16 3.29 3.33 99.14 16 230.0 38 4467 
18 3.31 3.35 88.87 20 261.7 40 4700 
20 3.31 3.36 83.03 22 220.0 
22 3.33 3.39 77.2 24 210.0 
24 3.38 3.44 69.42 26 223.3 
26 61.41 28 245.0 
28 3.41 3.49 63.97 30 238.3 
30 3.45 3.51 59.88 32 245.0 
32 3.5 3.6 45.96 34 228.3 
34 3.6 3.73 37.46 36 245.0 
36 3.64 3.74 39.43 38 238.3 
38 3.72 3.85 33.27 40 
40 23.47 
Time Sulphide NaOH 
(min) ( mg/I) pH (top) pH(bottom) Ni2+(mg/L) sulphides 
0 0.00 6.78 6.77 203.20 0 
0.5 49.05 5.63 5.53 199.00 
1 117.14 5.44 5.38 193.90 98.33 
2 200.48 4.48 4.49 185.60 
4 272.38 3.89 3.90 172.70 
6 286.67 3.65 3.64 162.40 
8 3.45 3.44 151.40 1080 
10 293.81 3.46 3.45 140.40 
12 306.19 3.46 3.44 128.10 1650 
14 303.81 3.43 3.44 118.00 
16 300.00 3.44 3.45 112.30 2100 
18 290.00 3.45 3.46 94.37 
20 292.86 3.48 3.50 86.03 2650 
22 3.51 3.54 77.71 
24 289.05 3.55 3.56 68.70 2950 
26 288.10 3.59 3.62 59.01 
28 290.48 3.64 3.70 52.70 3730 
30 3.71 3.76 45.01 
32 297.14 3.80 3.88 38.52 4410 
34 307.14 3.90 4.09 30.45 
36 291.90 4.02 4.10 22.64 
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time sulphides Nih NaOH 
(min) (mg/J) pH(top) pH(bottom) (mg/L) sulphides 
0 0.00 6.64 6.58 206.80 0 
1 95.00 5.00 5.10 199.00 
2 158.33 4.29 4.39 187.30 116.67 
4 216.67 3.71 3.78 184.95 263.33 
6 231.67 3.5 3.55 170.30 540 
8 253.33 3.41 3.43 161.95 780 
10 255.00 3.36 3.36 147.95 1040 
12 263.33 3.34 3.35 140.15 1300 
14 243.33 3.33 3.33 125.60 1560 
16 250.00 3.33 3.33 111.02 1760 
18 230.00 3.34 3.34 105.72 2200 
20 265.00 3.36 3.36 91.62 2420 
22 265.00 3.38 3.38 84.53 2700 
24 243.33 3.40 3.41 77.46 2760 
26 255.00 3.43 3.44 69.06 3040 
28 248.33 3.47 3.49 60.21 3320 
30 261.67 3.52 3.55 58.34 3720 
32 231.67 3.57 3.60 52.45 4560 
34 266.67 3.64 3.66 42.24 4200 
36 268.33 3.72 3.75 33.96 4400 
38 3.77 3.81 31.04 4800 
40 263.33 3.83 3.93 33.27 5080 
45 263.33 4.51 4.66 23.47 5760 
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High alkalinityflowrate showing relative error in measurements [T05 = NaOH = 1.75, 
H2S(g) = O.8L/min] 
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Sulphide 
Time (minutes) (mg/l) pH (top) pH(bottom) Ni2+(aq) 
0 0.0 6.85 6.81 171.3 
0.5 44.0 5.34 5.49 169.2 
1 76.0 4.04 4.81 131.0 
1.5 90.0 3.81 4.26 84.4 
2 124.0 3.75 4.28 51.63 
2.5 142.0 3.9 5.02 23.87 
3 170.0 5.63 5.47 0.08 
3.5 202.0 6.13 6.41 0.04 
4 244.0 6.4 6.53 0.1 
4.5 296.0 6.58 6.71 0.07 
5 338.0 6.69 6.89 0.11 
6 396.7 6.9 6.91 0.07 
7 470.0 7.04 7.06 0.Q3 
8 576.7 7.14 7.16 0.06 
9 646.7 7.23 7.26 0.06 
10 723.3 7.3 7.31 0.07 
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AppendixC 
Tabulated values for high flowrate alkalinity experiments TO 1 - T04 
NaOH = 2.23mmoVmin H2S(g) = 0.1 L/min 
Time Sulphide 
(minutes) (mg/l) pH (top) pH(bollom) Ni2~(aq) 
0 0.0 6.65 6.56 208.9 
0.5 0.0 7.88 7.93 187.3 
1 0.0 7.95 7.99 131.8 
1.5 0.0 7.77 8.14 63.4 
2 0.0 8.54 8.49 9.7 
2.5 14.0 10.14 10.75 0.52 
3 20.0 10.75 10.94 0.03 
3.5 30.0 10.98 11.12 0.05 
4 36.0 11.13 11.27 0.03 
4.5 48.0 11.25 11.35 0.07 
5 54.0 11.34 11.43 0 
6 76.0 11.44 11.51 0.04 
7 80.0 11.57 11.63 0.07 
8 96.0 11.66 11.72 0.14 
9 94.0 11.73 11.79 0.08 
10 100.0 11.79 11.85 0.06 
NaOH = 2.23mmoV min H2S(g) = 0.3 L/ min 
Time Sulphide Time pH NaOH 
(minutes) (mg/l) (minutes) (top) pH (bottom) Ni2~(aq) sulphide(mg/L) 
0 0.0 0 6.94 6.91 210.5 0.0 
0.5 12.50 0.5 7.21 7.5 195.8 0.2 
12.50 1 7.14 7.19 155.7 0.5 
1.5 12.50 1.5 6.62 7.55 86.58 1.3 
2 27.50 2 6.30 6.95 47.6 2.8 
2.5 30.00 2.5 7.15 8.03 2.25 5.4 
3 40.00 3 9.42 10.08 0.20 7.7 
3.5 140.00 3.5 10.37 10.55 0.28 11.3 
4 187.50 4 10.75 10.79 0.42 13.2 
4.5 237.50 4.5 10.98 10.98 0.35 13.5 
6 260.00 5 11.13 11.06 0.42 14.0 
7 282.50 6 11.36 11.26 0.63 
7 11.50 11.42 0.60 
NaOH = 2.23mmoV min H2S(g) = 0.5 L/ min 
Time Sulphide NaOH 
(minutes) (mg/l) pH (top) pH(bottom) Ni2~(aq) s ulphide( mg/ L) 
0 0.0 7.11 6.71 217.4 0.0 
0.5 12.5 6.47 6.17 201.8 1.2 
27.5 5.53 5.36 149.9 5.7 
1.5 47.5 4.91 5.42 76.78 10.3 
2 52.5 4.6 5.62 21.32 21.5 
2.5 62.5 6.41 6.88 0.32 38.8 
3 117.5 6.83 7.11 0.17 49.0 
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HzS(g) = O.1U min, NaOH = 1.75mmoll min 
Time Sulphide Time Time 
(minutes) (mg/I) (minutes) pH (top) pH(bottom) (minutes) Ni2+(aq) 
0 0.0 0 6.99 6.99 0 199.7 
0.5 0.0 0.5 8.00 8.53 0.5 179.1 
1 0.0 1 8.10 8.21 1 130.4 
1.5 0.0 1.5 8.16 8.53 1.5 81.2 
2.5 0.0 2.5 8.15 8.15 2.5 32.28 
3 13.0 4 11.08 10.88 3 0.22 
4 35.0 5 11.35 11.33 4 0.19 
5 56.0 6 11.50 11.56 5 0.2 
6 88.0 7 11.57 11.68 6 0.19 
7 110.0 8 11.54 11.61 7 0.2 
8 138.0 9 11.69 11.80 8 0.24 
9 164.0 10 11.75 11.88 9 0.16 
10 194.0 10 0.24 
HzS(g) = O.3L/min, NaOH = 1.75mmollmin 
Time Sulphide 
(minutes) (mg/l) pH (top) pH(bottom) Ni2+(aq) 
0 0.0 7.08 7.09 217.0 
0.5 0.0 6.98 6.85 186.3 
0.0 6.50 6.44 147.0 
1.5 0.0 5.92 5.85 102.5 
2 0.0 5.63 5.66 70.74 
2.5 28.0 5.43 5.38 40.86 
3 26.0 5.45 5.73 15.33 
3.5 44.0 6.65 6.94 0.18 
4 72.0 7.30 8.06 0.04 
4.5 112.0 8.61 9.22 0.15 
5 152.0 9.91 10.41 0.07 
6 192.0 10.54 10.61 0.11 
7 248.0 10.94 10.87 0.14 
8 330.0 11.16 11.02 0.09 
9 390.0 11.26 11.16 0.09 
10 456.0 11.36 11.28 0.09 
H2S(g) = O.5L/min, NaOH = 1.75mmollmin 
Time Sulphide 
(minutes) (mg/l) pH (top) pH(bottom) Ni2+(aq) 
0 0.0 6.89 6.98 183.2 
0.5 38.0 4.88 5.46 173.9 
52.0 3.99 4.46 138.2 
1.5 76.0 3.70 4.18 94.6 
2 82.0 3.67 4.15 57.6 
2.5 98.0 3.69 4.67 30.52 
3 118.0 5.38 5.50 0.39 
3.5 130.0 6.13 6.22 0.Q3 
4 148.0 6.59 6.47 0.07 
4.5 202.0 6.67 6.72 0.09 
5 238.0 6.80 6.84 0.07 
6 286.0 6.97 7.01 0.Q2 
7 380.0 7.14 7.2 0.Q3 
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7 46.0 11.17 10.96 0.09 
8 58.0 11.38 11.30 0.07 
9 74.0 11.54 11.55 0.Q9 
10 90.0 11.64 11.68 0.18 
H2S(g) = O.2L/ min, NaOH = 1. 20mmo 11 min 
Time Sulphide pH 
(minutes) (mg/l) (top) pH(bottom) Ni2~(aq) 
0 0.0 6.64 6.61 217.4 
0.5 6.0 7.76 7.61 196.2 
1 8.0 7.70 7.43 173.1 
1.5 8.0 7.27 7.10 138.6 
2 10.0 6.79 6.53 115.0 
2.5 14.0 6.19 6.11 75.62 
3 16.0 6.09 6.01 44.42 
3.5 22.0 6.01 6.02 20.54 
4 30.0 6.69 6.27 1.58 
4.5 52.0 7.25 6.98 0.11 
5 70.0 7.76 7.33 0.42 
6 100.0 8.88 7.99 1.78 
7 144.0 9.22 8.93 0.57 
8 190.0 9.61 9.50 0.54 
9 234.0 9.79 9.73 0.44 
10 278.0 10.01 9.93 0.39 
H2S(g) = 0.3U min, NaOH = 1. 2 Ommoll min 
Time Sulphide pH 
(minutes) (mg/l) (top) pH(bottom) Ni2+(aq) 
0 0.0 6.43 6.67 197.7 
0.5 4.0 5.81 5.72 192.6 
1 16.0 5.25 5.27 167.3 
1.5 20.0 5.00 5.05 140.5 
2 28.0 4.81 5.17 115.8 
2.5 34.0 4.75 5.13 81.47 
3 30.0 4.68 5.44 55.14 
3.5 44.0 4.78 5.43 32.06 
4 42.0 5.26 5.84 8.08 
4.5 56.0 6.07 6.27 0.24 
5 78.0 6.42 6.58 0.32 
6 134.0 6.66 6.86 0.32 
7 202.0 7.12 7.28 0.32 
8 280.0 7.33 7.48 0.37 
9 320.0 7.52 7.67 0.33 
10 314.0 7.86 7.91 0.41 
Values from OLI modelling of T01 - T04 
NaOH = 2.23mmollmin H2S(g) = 0.1 L/min 
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Appendix D 
ReL.tiomhip lxctwccn NaOH and Ni'- rcmoval (ic ignoring Ik 'Iel'" of NaOl1 effect on 
mlphid" w luhilit}) 
Example: 
N .• OH - 2,lJnmvL'rnin, H,5(it - Qa/min 
Ni '" l'Ctl1Oval rale _ 197,7 ppm x g ... 2.5 min _ U4rnmoU min 
58.69g " mol llHlOm,<; 
" f Jl..v"OIlI _-0""' '"V'c' -,' 1 1>Ci11O 0 : 
dl ill 
"" 2,23,1.34 
1.34 1.34 
- 1.6Hl 
Appendix E 
COlllpan;on of Higbie., penetralion Ihoory predicliun [or , u1phide in solution [ompar~d 
"ilh . xperimentally dele rmined valuc" 
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Sulphide NaOH sulphide 
time ( min) pH(top) pH(bottom) (mg/L) 
0 6.86 6.85 0 
0.50 5.43 5.59 2.1 
1.00 5.17 5.36 4.8 
1.50 5.05 5.22 68 
2.00 4.95 5.15 80 
2.50 4.87 5.08 98 
3.00 4.82 5.02 124 
3.50 4.77 4.98 132 
4.00 4.73 4.94 150 
4.50 4.7 4.91 156 
5.00 4.68 4.91 178 
5.50 4.65 4.87 190 
6.00 4.64 4.85 202 
6.50 4.62 4.84 212 
7.00 4.61 4.82 206 
7.50 4.6 4.82 200 
8.00 4.58 4.80 218 
8.50 4.58 4.79 232 
9.00 4.57 4.79 234 
9.50 4.56 4.78 232 
10.00 4.56 4.78 248 
Appendix F 
Supersaturation calculation using HS-. 
The expression for supersaturation is, 
S = rNi2+[Ni2+]rHS-[HS-] 
KSP,NiS 
(mg/L) 
0 
0.65 
1.25 
3.70 
9.40 
9.40 
29.5 
40.0 
45.0 
86.5 
88.0 
106.0 
112.0 
150.0 
176.0 
198.0 
210.0 
234.0 
240.0 
283.3 
380.0 
- 127 -
total sulphide 
(mg/L) 
0 
2.2 
4.9 
54.7 
69.4 
82.9 
122.5 
139.0 
157.5 
203.5 
221.5 
248.5 
263.5 
309.0 
330.5 
348.0 
373.5 
408.0 
415.5 
457.3 
566.0 
where the activity coefficients r Ni'+ an dr HS. = 0.807 (OLI) , the solubility product 
KSP.NiS = 10- 19,4 and the concentrations of N?+ and HS- depend on experimental data. 
The rate at which HS- becomes available in solution depends on the rate of diffusion per 
unit interfacial area of bubbles in the column R , where 
t is the contact time of a single bubble travelling the length of the bubble column 
(approximately 2s to travel40cm). To convert R to the rate of diffusion independent of 
bubble area, multiply by the interfacial area, A The interfacial area is calculated from the 
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{}b,~rved number of bubble, in ,,,]ution wit H,5(g) flownHc. Bycouming tile number of 
bubbles in the reactor voll1mc and multiplying by their ave rall,~ diameter (RB - 02mm, 
~.lslu-. d from observation), th~ inurfaci.ll alU is det. rrrrimd a, Q.:·216m' when H,sW 
- Q.3limin. The bubbk diameter teIllJ.ined tll<O Same blll the frequency of bubble.\ 
increased ,,~th increasing II,S(g) flm<T,lt~. 
']1", flux of H,S W into miulioll j,; quaruifkd in th., [oll"'I"1ng expression 
where c" is the intcrbcia! concentration of II,S(.lqi ,,-ilh a nlll~ of ~'A' _ 18.18kgl nr' 
(Pcrry, 2')JS), and",,, is lh . eXp"rim. lllally n:>eamr. d b..,lk concelllroltion of ,ulphide in 
solution. 
k, is the mass tnmsfcr coefficient of 1 ~S(&l into ,olmion and v; .... , determimd from the 
equJ!ion b.,juw 
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Where g is acceleration due to gravity = 9.81 mI S2 and D H 2S = 1.61 X 10-9 m2 / s (Perry, 
2006). The value of kc was found to be 0.00049m1 s. 
Frome Ab and the corresponding measured pH, the concentration of HS- is determined 
using the pH dependent speciation of H2S, where KI = 9.12 X 10-8 and K2 = 3.98 X 10-18 • 
[HS-] = [S]=1 
[H+]+l+~ 
~ [H+] 
Example: Calculation of the rate of diffusion when H2S(g) = 0.3L/ min, NaOH = 
2.23mmoVmin (experimental data shown below). 
Time Time [Ni
2 +](aq) [Ni2+](aq) [Ni2 +](aq) Sulphide Sulphide pH (measured) (measured) (measured) (measured) (measured) 
(min) (s) (ppm) (giL) (moVL) (mg/l) (kg/m3) 
0 0 210.5 2.11E-Ol 3.59E-03 0 0 6.94 
0.5 30 195.8 1.96E-Ol 3.34E-03 0 0 7.21 
1 60 155.7 1.56E-Ol 2.65E-03 0 0 7.14 
1.5 90 86.6 8.66E-02 1.48E-03 0 0 6.62 
2 120 47.60 4.76E-02 8.11E-04 12.0 0.012 6.30 
2.5 150 2.25 2.25E-03 3.83E-05 38.0 0.038 7.15 
3 180 0.20 2.00E-04 3.41E-06 60.0 0.060 9.42 
3.5 210 0.28 2.80E-04 4.77E-06 85.0 0.085 10.37 
4 240 0.42 4.20E-04 7.16E-06 110.0 0.110 10.75 
4.5 270 0.35 3.50E-04 5.96E-06 130.0 0.130 10.98 
5 300 0.42 4.20E-04 7.16E-06 144.0 0.144 11.13 
The concentration of HS- at 2 minutes calculated using 
0.012/32mol/ L = 5.77 X lO-smoVL (=C
Ab
) 
-log(6.30) 1 3.98x 10-18 
_-=-cc._--"-- + + ___ _ 
9.12xl0-8 -log(6.30) 
Using the concentration of HS-, calculated above, the flux of H2S(g) into solution, NA, is 
calculated 
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To convert the flux into a rate, multiply by the total bubble interfacial area = 0.0261m2. 
To calculate the concentration of HS- based on the rate at which "HS-" enters solution. 
The rate at which "HS-" enters solution is a combination of the rate at which sulphide 
enters solution and speciates, since speciation is taken as instantaneous. The driving force 
of the diffusion is thus the difference in concentration between the bubble (1S.1Skg/rn3) 
and the HS- ions in solution, since this ion is consumed by reaction, and again assuming 
that speciation is instantaneous. 
Therefore the rate of diffusion becomes 
R =NA 
t 
8.90x 10 -3 kg! m 3 0-5 liL 
-----'='--- =3.42 X 1 mo .s 
0.2m! s 
The diffusion rates at the other H2S(g) flowrates are shown in the table below 
H 2S(g) R, Rate of diffusion 
L/min mol/L.s 
0.1 1.6Se-05 
0.3 3.42e-05 
0.5 4.SSe-05 
O.S 7.0Se-05 
A schematic diagram of the modelling algorithm used to determine the HS-
concentration and the pH during the NiS precipitation is shown below 
fixed 
-+ 
H,S ¢. H,S(aq) + OH ¢. HS- + H,O 
~ 
Na + + OH =iCed 
The steps of the algorithm are shown below 
1. Initial pH gives H+ ions in solution (PHi = 6.94) 
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2. H2S diffusion rate from Higbie's Theory quantifies sulphide in solution in time 
interval specified which is from t = as to t1 = O.Ols (~t). 
3. Initial speciation to obtain the bisulphide concentration for the concentration of 
sulphide which has diffused into solution in the time interval ~tl is calculated 
[HS-] = [S]taal 
[H+]+l+~ 
K, [H+] 
4. The nickel precipitated is equivalent to HS- ion concentration. The remaining 
nickel in solution (N?+remain2) is equivalent to initial nickel concentration 
(200ppm) - initial HS- concentration. 
5. The concentration of H+ ions released from reaction are equivalent to the nickel 
concentration reacted and from speciation are equivalent to the HS- ion 
concentration 
6. The pH (PH2) for the second time (t2) is calculated from released H+ ions (stepS) 
7. pH2 gives H+ ions in solution for the second time interval 
8. Add NaOH in time interval t1 to t2 (~t) 
9. Calculate new pH (PH2mix) resulting from the combination of OH Ions ill 
solution and H+ ions as a result of pH2 
10. Calculate sulphide which diffuses into solution in the time interval ~t for the new 
time t2 and add sulphide which remains from time t1. Speciate sulphide in 
solution using pH2mix calculated. 
11. React HS- with N?+remain2 in solution. Nickel reacting equivalent to HS- in 
solution. 
12. H+ ions in solution equivalent to Hmix (H+ initially in solution at pH2mix) + HS-
speciated (H+ ions liberated by speciation of sulphide to HS-) + Ni2+ reacted (H+ 
liberated by reaction of nickel) to give pill. 
13. Repeat from step 7 for duration of reaction. 
14. Calculate the supersaturation using the equation below and the concentrations of 
nickel and sulphide calculated for each time tl, t2 etc. 
S = YNi 2+[Ni 2+]YHS-[HS-] 
KSP,NiS 
The table below shows the calculations for N?+ and HS- during the first O.1s (for each 
~t) of the precipitation of Ni2+ using H2S(g) = 0.3L/ min and NaOH = 1.20mmoV min. 
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OH [H+] pH H2S H2S Ni Ni H+ H+ [H+] pH 
Time pHi [H+] H+ added nux nux diss Total S H2S(aq) HS- S2- ppm ppt Ni2+ ppm spec ppt ppt ppt s upcrsaturatioll 
1.15E- 1.15E- 3.41E- 1.15E-
0 6.94 07 8.61E-08 0 07 6.94 0 0 0 0 0 0.000 0 03 200.00 0 0 07 6.94 O.OOE+OO 
1.15E- 2.00E- 6.59E- 2.565E- 2.565E- 1.489E- 9.004E- 1.489E- 3.41E- 1.489E- 1.49E- 4.63E-
om 6.94 07 8.61E-08 07 08 7.18 07 07 1.076E-07 07 18 0.004 07 03 199.99 07 07 07 6.33 6.45E +05 
4.63E- 2.00E- 1.96E- 2.565E- 3.641E- 1.155E- 2.340E- 1.155E- 3.41E- 1.151E- 1.15E- 5.04E-
0.02 6.33 07 3.47E-07 07 07 6.71 07 07 2.486E-07 07 18 0.008 07 03 199.98 07 07 07 6.30 3.88E+05 
5.04E- 2.00E- 2.38E- 2.565E- 5.051E- 1.401E- 2.348E- 1.401E- 3.41E- 1.40E- 1.40E- 6.11E-
0.03 6.30 07 3.78E-07 07 07 6.62 07 07 3.650E-07 07 18 0.012 07 03 199.98 07 07 07 6.21 5.71E+05 
6.11E- 2.00E- 3.45E- 2.565E- 6.2149E- 1.301E- 1.503E- 1.301E- 3.41E- 1.30E- 1.30E- 6.91E-
0.04 6.21 07 4.58E-07 07 07 6.46 07 07 4.914E-07 07 18 0.017 07 03 199.97 07 07 07 6.16 4.92E+05 
6.91E- 2.00E- 4.25E- 2.565E- 7.4791E- 1.322E- 1.239E- 1.322E- 3.41E- 1.32E- 1.32E- 7.77E-
0.05 6.16 07 5.19E-07 07 07 6.37 07 07 6.157£-07 07 18 0.021 07 03 199.96 07 07 07 6.11 5.08E+05 
7.77E- 2.00E- 5.11E- 2.565E- 8.7221E- 1.322E- 1.030E- 1.322E- 3.41E- 1.32E- 1.32E- 8.63E-
0.06 6.11 07 5.83E-07 07 07 6.29 07 07 7.400E-07 07 18 0.Q25 07 03 199.95 07 07 07 6.06 5.08E+05 
8.63E- 2.00E- 5.966E- 2.565E- 9.9654E- 1.322E- 8.822E- 1.322E- 3.41E- 1.32E- 1.32E- 9.49E-
0.07 6.06 07 6.47E-07 07 07 6.22 07 07 8.644E-07 07 19 0.029 07 03 199.95 07 07 07 6.02 5.08E+05 
9.49E- 2.00E- 6.82E- 2.565E- 1.1209E- 1.322E- 7.713E- 1.322E- 3.41E- 1.32E- 1.32E- 1.03E-
0.08 6.02 07 7.12E-07 07 07 6.17 07 06 9.887E-07 07 19 0.034 07 03 199.94 07 07 06 5.99 5.08E+05 
1.03E- 2.00E- 7.68E- 2.565E- 1.2452E- 1.322E- 6.851E- 1.322E- 3.41E- 1.32E- 1.32E- 1.12E-
0.09 5.99 06 7.76E-07 07 07 6.11 07 06 1.113E-06 07 19 0.038 07 03 199.93 07 07 06 5.95 5.08E+05 
1.12E- 2.00E- 8.54E- 2.565E- 1.3695E- 1.322E- 6.163E- 1.322E- 3.41E- 1.32E- 1.32E- 1.21E-
0.1 5.95 06 8.40E-07 07 07 6.07 07 06 1.237E-06 07 19 0.042 07 03 199.92 07 07 06 5.92 5.08E+05 
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AppendixG 
PSD from the Malvern Mastersizer® for batch precipitation of NiS using Na2S(aq) ratio 
of Ni:S = 1:1, pHi = 11.59 
6817 
0 
0 
~ 
.!.l 
1:: [ 
C5 3817 
~ 
:0 
c: 
0.0 0.2 0.4 0.6 0.8 1.0 
size of particles (nicrons) 
I 0 tirre ; tb _ tirre ; tb + 1 ninute -A-- tirre ; tb + 2ninutes 
AppendixH 
PSD for semi-batch precipitation of NiS using H 2S(g) when H 2S(g) = O.8L/min NaOH 
= 2.23mmoV min 
Beckman Coulter® Counter 
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Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
_Ap~p_en_d_i_ce_s _________________________________________________ -_134-
'" J!l
~ 
'" c. 
'0 
Q; 
.0 
E 
::> 
c: 
~ 
:E 
~ 
1.2815 
6814 
0 
5.0816 
'0 2.5816 
1l 
E 
::> 
c: 
~ 
,l 
0 2 
o 10 
Appendix I 
4 6 8 10 
size of particles 
! ---- tirre = t rrinutes 1 
20 30 40 50 
size of particles 
1 __ tirre = t+6rrinutes 1 
~ 
~ 
~ 
1.2815,-------------------, 
'0 6814 
Q; 
.0 
E 
::> 
c: 
~ 
u 
t 
'" c. 
o ,k 
o 2 4 6 8 10 
size of particles 
1 " tirre = t+1 rrinutes 
5.0816 T--·-------------------·--·--, 
'0 2.5816 
Q; 
.0 
E 
::> 
c: 
0.0800 .J-_____ ~-~~~~_~ 
o 10 20 30 40 50 
size of particles 
I'"'*- tirre = t+8rrinutes i 
XRD data for NiS precipitates formed 
900 
800 
700 
600 
Z. 500 
"iii 
c: 
II) 
400 "E 
300 
200 
100 
0 
0 
NiS precipitate XRD 
-------------_. __ ._--
20 
i 
• 
· 
· 
40 theta (0) 60 80 100 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
,A,ppp',""rud~i"",, _____________________________________________________ ~,,135-
SEM picture, taken of NJS pt\'cipitatcs formed 
Appendix] 
I \' LOll I!l.l» b:.bnce between pH ch~ngc dUG to reaction of diluted RES and protons 
liberated by fC¥tion 01 ni<:kel and coball ions (eXpcrim';l\ul run below; RES01 - no 
XaOIlmed) 
:'50 • 
8 ,. • • • , • • , 2~ -
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" ! • • • • • • , ~ _ 150 • • • l~ • • , . 
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c C 7.16 7.15 lS6 25.1)1 
0.5 , '.16 7.2: 276,7 14.7? 
, 
" 
6,86 6.92 138.7 
'" , 6.1& 6.3; no 3A~ 
, 13} sn 5.91 796 .J55 
, 1~2 5S) 5]8 7.1]8 3.21 
" 
20: 5.31 H8 76.80 3.02 
W 'c' 5.16 5.33 S2.:7 3JS 
" 
226 '.Ie 5.83 765K .1,05 
H 
'" " 
4.S4 67.94 eM 
'" '" '" 
4.74 7L'J9 2.61 
" 
102 4-65 , .~ 7.1.4 2.S0 
~ 285 H 4.62 71.21 2.SJ 
iillcliinity for diluted RE S to quantify bufkring capacity, 
1.0 
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• 0 
4.5 0 
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'00 20: , .. ,~ 
"" 
0 . o. 
Alk...lin;ty {tug (-;'(03 <ql L) 
",10.02]'; H,SO., "'",,01 prolOll< p<r llli ,,",,"!.lei .. 
pll ",1 ,~~uirccl KE S ,amp]' [or DpH protoIl5 alkolin;" 
7.1; 0,0: 0.80 0 , C 
7.JI 0.18 0.10 I.00E-04 LeOE-O" S,: 
7,26 0.65 055 ; ,50E-04 65QE-04 32.3 
7.23 LOS 0.'10 1(.:JE-1)l 1.:5F-o:l 52.5 
7.1; l.~; 0.90 9.00£·04 1.95£·0) 97.5 
7,11 248 0.'15 • . 50£-04 HOE -03 12:.0 
7.08 'W 0.20 2.08E-04 2.60£-03 13:.0 
704 }OO OAO 4.0:E-C4 J.COF -o:l 158,0 
7.02 .1.20 0.20 2,OCE-C4 .l.lOF_Ol 16:.0 
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,~ 3.90 0.<0 ' .OC£· 84 1.90F·Q} 19;.0 
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6.73 55S 8J5 }.oCF.-C4 555F-0.l 2P.o 
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'" 
0._0 2.08E-84 5.95E-O} 2'i7.o 
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650 6.75 815 1.58£-04 6.75E-O} 3J7.; 
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